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The present work forms part of a systematic study of the reaction between the 
tobacco mosaic virus and its antiserum. The problem was introduced to me by 
Mr. R. J. Best, of the Waite Agricultural Research Institute, with the object of 
devising a serological method for quantitative estimation of the virus. 

The method of optimal proportions has proved satisfactory in dealing with 
proteins and various biological products such as diphtheria toxin and antitoxin. 


It seemed possible therefore that this method might be applied successfully to the 


tobacco mosaic virus. The optimal ratio may be determined by the constant-anti- 
body or the constant-antigen titration. These two methods have been used in the 
study of various systems of the precipitin type with polysaccharide or protein 
antigens, and the optimal ratios were each found to have a constant value for any 
one system. The value of the constant-antibody O.R. may, however, differ con- 
siderably from that of the constant-antigen O.R. Dunean (1934) has observed the 
same kind of behaviour with a bacterial antigen and its antiserum, and has also 
(1937) pointed out the effect of salt concentration on the optimal ratio. 

The tobacco mosaic virus forms a unique type of antigen differing widely 
from the soluble proteins and polysaccharides. According to Bawden and Pirie 
(1937), purified preparations of virus consist of slender rod-shaped particles of 
nucleoprotein which are probably present in the plant in a more finely-divided 
state. In constitution, therefore, these preparations resemble bacterial suspensions 
more nearly than any other kind of antigen, but differ markedly in the minute size 
of the particles and the fact that these probably consist of a single chemical entity. 
The results obtained with this antigen should therefore be of especial interest to 
the serologist. The work recorded in this paper illustrates the behaviour of tobaceo 
mosaic virus with antiserum under the standard conditions in general use for 
agglutination tests. Later work will be concerned with the change in behaviour 
when these conditions are altered, and will deal especially with the effect of vary- 
ing salt concentration. 
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EXPERIMENTAL METHODS. 
Antigens. 


Two different preparations of virus were used, one containing crude virus direct from the 
plant and the other purified virus. The crude virus consisted of juice expressed from the leaves 
of tobacco plants infected with Johnson’s No. 1 tobacco virus. This juice was held at 60°C. for 
ten minutes in order to clarify it by precipitation; it was then centrifuged to yield a clear brown 
liquid. The purified virus was obtained from this juice by a combination of the isoelectric pre 
cipitation method (Best, 1936) and_ precipitation with ammonium sulphate; it was suspended in 
distilled water in a concentration of 4-87 gm. per ml. 

Before use in the serological tests, the crude virus was dialysed against distilled water for 
at least 48 hours in order to render it salt-free. Any effect on the serological reaction due to the 
presence in the antigen of salts from the plant juice was thus avoided. 

Antisera. 

Crude undialysed virus and purified virus were each injected into rabbits, and a serum of 
high titre was readily obtained in each case. A portion of each serum was dialysed against dis 
tilled water until salt-free. During dialysis a precipitate formed and was later removed by 
centrifuging. 

Technique for Optimal Proportions Tests. 

All tests were performed at 50°C. in an illuminated water bath. Two-fold dilutions of 
antigen and serum were used; 1 ml. of the required concentration of the constant reagent was 
added to 1 ml. of each dilution of the variable reagent. A large range of concentrations of both 
antigen and serum was included, and an optimal tube, i.e. that first showing flocculation, observed 
for each set of dilutions. In the determination of the constant-antigen or constant-antibody 
O.R., Duncan (1937) has shown that the third reagent, NaCl, present in all tests, must be held 
at a constant concentration throughout, since the optimal ratio depends on salt concentration. 
Physiological saline is the standard diluent in an agglutination test, and as far as possible in 
the present tests the concentration of NaCl was kept constant at M/7. With the dialysed serum 
and crude or purified virus, all salt-free, it was easy to ensure a constant NaCl concentration 
of M/7 by making a primary dilution of equal parts of the reagent and NaCl 2M/7. This pro 
cedure resulted in a 1/2 dilution of the reagent in M/7 NaCl, and from this all subsequent 
dilutions were made in M/7 NaCl. With undialysed serum containing salts at an approximate 
concentration M/7, the various dilutions were simply made up in M/7 NaCl and no absolute 
control of salt concentration was possible. 


RESULTS. 
1. Tests with Dialysed and Undialysed Serum. 


The object of these tests was to determine the constant-antibody O.R. and the 
constant-antigen O.R. for crude virus and purified virus with two different anti- 
sera, CJ] prepared against crude virus and SA against purified virus. Any differ- 
ence in serological behaviour between crude and purified virus might thus be de- 
monstrated. Similar tests were also done with CJ1 and SA sera after dialysis in 
order to show the effect, if any, of this treatment on the result. This information 
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would be useful in future work involving low salt concentrations when dialysed 
serum would have to be used. 

It soon became evident that the reaction between the tobacco mosaic virus and 
its antiserum was particularly sensitive to variations in technique. Apparent 
multiple zones of flocculation oceurred frequently if the constant reagent was 
added with a pipette, and also when the test was set up according to the method 
described by Platt (1938) for the determination of salt optima. Wilson Smith 
(1932) has described the same sort of irregularities in the titration of anti-pneumo- 
coceus serum and §8.8.8., and ascribes the difficulty to inadequate mixing of anti- 
gen and serum. By squirting one reagent into the other with a syringe a reliable 
and regular result was obtained. This technique proved satisfactory for the work 
with tobacco mosaic virus, provided special care was taken to squirt the liquid 
directly into the contents of the test tube. Tests made at the same time with 
Type I pneumococeus 8.8.8. and antiserum showed this system to be much less 
susceptible to the technique of mixing than the tobacco mosaic virus system, while 
a bacterial suspension and its antiserum proved even less sensitive, and gave quite 
satisfactory results with an ordinary pipette. Even using the syringe technique, 
apparent zones were encountered with the tobaceo mosaic virus if convection cur- 
rents were not active in the test tubes. For this reason tests were not successful if 
earried out at a temperature lower than 45° C. 

In reading the tests the first appearance of flocculation was rather difficult to 
see, as the particles were almost transparent. In the majority of tests it was also 
difficult to pick an optimal tube as two neighbouring tubes usually floceulated at 
almost the same time. A single optimal tube was observed in only a few tests with 
very dilute serum or antigen. In ealeulating the O.R., therefore, the practice was 
adopted of taking the average of the concentrations in the first two tubes to show 
flocculation. 


(a) The Constant-Antibody Method. 


The results obtained by this method with undialysed sera CJ1 and SA are 
given in Table 1 as concentrations of crude or purified virus giving optimal floecu- 
lation with the serum dilutions in the first column. The constant-antibody O.R. 
derived from these figures is also included in the table. With other systems it is 
conventional to express this ratio as one part of antigen to so many parts of anti- 
body, e.g. 1:3. With the tobaeco mosaic virus and antisera used in this work the 
O.R. would have values of the order 1: 0-03 if expressed in this way; as a matter 
of convenience, therefore, in order to deal with whole numbers, the constant-anti- 
body O.R. is here given as number of parts of virus to one part of serum, the re- 
sulting ratio being 33:1 or thereabouts. Of course, with a weak serum the O.R. 
approached closer to 1:1, as the figures quoted later for antibody globulin 
illustrate. 
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The results in Table 1 are represented in Fig. 1 as curves showing the relation 
between O.R. and concentration of serum, two for crude virus and the antisera 
CJ1 and SA, and the other two for purified virus and these antisera. 


TABLE 1. 


Optimal Concentrations of Virus and Optima! Ratios by the Constant-Antibody 


Method. 
Optimal Dilutions. Optimal Ratios. 
Serum Dilutions. Crude Virus. Purified Virus. Crude Virus. Purified Virus. 
CJ1 not dialysed. 
1/250 1/15 1/30 16-6: 1 8-3: 1 
1/500 1/15 1/30 33-3: 1 16-6: 1 
1/1,000 1/7-5 1/30 333 Cl: 1 33-3: 1 
1/2,000 1/15 1/40 133 :1 50 :1 
1/4,000 1/60 1/160 66-6: 1 23 :1 
1/8,000 1/100 1/480 66-6: 1 16-6: 1 
1/16,000 1/480 1/1,920 33-3: 1 8-3: 1 
1/32,000 1/960 1/3,840 33-3: 1 8-3: 1 
SA not dialysed. 
1/500 1/7-5 1/30 66-6: 1 16-6: 1 
1/1,000 1/7-5 1/30 133-3: 1 33-3: 1 
1/2,000 1/7-5 1/30 266 :1 66-6: 1 
1/4,000 1/20 1/40 200 :1 100 :1 
1/8,000 1/120 /240 66-6: 1 33-3: 1 
1/16,000 1/240 1/960 66-6: 1 16-6: 1 
1/32,000 1/960 1/1,920 33-3: 1 16-6: 1 
1/64,000 1/1,920 1/7,680 33-3: 1 8-3: 1 


From examination of Fig. 1 it is immediately evident that the O.R. is not 
constant but is dependent on concentration of serum. The four curves are similar 
in configuration, showing an O.R. which is low for concentrated serum, and in- 
creases almost proportionally with decreasing concentration of serum until a 
maximum is reached. After this there is a steady decrease in yalue of O.R. as the 
concentration of serum decreases, but this portion of the curve is not so steep as 
the first rising portion, indicating that the falling-off of O.R. is a slower process 
than the increase in the first part of the curve. Among those concentrations of 
serum here tested there does not appear to be any range over which the O.R. is 
constant. 

The results obtained with dialysed sera CJ1 and SA are shown in Fig. 2. 
These curves have the same general form as those for the undialysed serum. 

Comparing the results in Figs. 1 and 2 for crude virus and purified virus it 
seems that there is very little difference between the type of curve obtained with 
each preparation. There is a difference, of course, in concentration of antigen in 
each preparation, and this is indicated for any one serum by the distance between 
the two curves. Inspection of any such pair of curves shows that this distance is 
not constant but tends to be smaller round about the maximum O.R. values, due 
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possibly to a difference between the two different antigens. Considering the four 
pairs of curves for crude and purified virus it seems probable that the purified 
virus is about four times as concentrated as the crude virus. Since the purified 
virus contained 4°87 mg. of virus-protein per ml. as reckoned by dry weight, the 
crude virus preparation must be assumed to contain approximately 1-2 mg. of 
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Fig. 1. Constant-antibody tests with undialysed serum. 
Curve A represents SA serum and crude virus; 
curve B represents CJ1 serum and crude virus; 
curve C represents SA serum and purified virus; 
curve D represents CJ1 serum and purified virus; 
curve E represents SA serum-globulin and purified virus. 


virus-protein per ml., a figure not inconsistent with the known virus content of 
other crude preparations. It must be understood that the term ‘‘virus’’ is used 
here and throughout for the antigenically active nucleoprotein. As a general 
method for the comparison of virus preparations of different concentrations, it 
would be inadvisable to use a test with one serum concentration alone, as with the 
preparations used in this work the O.R. values showed a tendency to approach each 
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other round about the maximum. The safer method would be by construction and 
comparison of curves such as shown in Figs. 1 and 2. 


Since the O.R. depends on concentration of serum, it is obvious that a test 
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performed with two different sera at the same dilution will give no indication of 
the relative strengths. Apparently, however, the value of the maximum O.R. and 
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Fig. 2. Constant-antibody tests with dialysed serum. 


Curve A represents SA serum and crude virus; 

curve B represents CJ1 serum and crude virus; 

curve C represents SA serum and purified virus; 

curve D represents CJ1 serum and purified virus; 

curve E represents SA serum-globulin and purified virus. 


the position at which it occurs are characteristics of the serum itself, and offer one 
means of comparing various sera. The upper part of the curve where the O.R. is 
decreasing more slowly also offers a means of comparison of different sera. From 
the curves in Fig. 1 it appears that SA is a stronger serum than CJ1, as the maxi- 
mum O.R. is larger in value and oceurs at a higher serum dilution for SA than for 
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CJ1; also the upper part of the curve shows values of O.R. generally greater for 
SA than for CJ1, From all these observations it seems that SA is about twice as 
strong as CJ1. Of course it is necessary to make the comparisons between tests 
done with the same antigen. From Fig. 2 the same values may be obtained for 
dialysed serum, and it is evident that SA is now about four times as strong as CJ1. 
A comparison of CJ1 curves in Figs. 1 and 2 indicates that dialysis reduces the 
potency of CJ1 by about three-quarters and SA by about one-half. 

Thus results can be obtained by the constant-antibody method for purified 
virus and crude virus with antiserum whether dialysed or not, but the position 
of the optimal zone is dependent on the concentration of serum. An approximate 
idea of the relative concentrations of virus preparations and of sera may be de- 
rived from the results of a series of such tests. The precipitation end-point for 
erude and purified virus was noted during the performance of this series of tests, 
and was found. to be independent of the concentration of serum except where the 
serum was near the limit of its titre. The crude preparation gave an end-point 
of 1/5120 and the purified preparation an end-point of 1/40960. 


(b) The Constant-Antigen Method. 


In this method the O.R. is represented in the conventional manner as the 
number of parts of serum giving optimal flocculation with one part of antigen. 
The results of these tests with crude or purified virus and undialysed serum are 
shown in Fig. 3. The curves show the relation between concentration of antigen 
and O.R., and are very different from those in Figs. 1 and 2 for the constant- 
antibody test. It will be seen that the O.R. is not much affected by change in con- 
centration of antigen, remaining constant over a wide range for both purified and 
crude virus. The distance between the two curves represents the difference in 
concentration of antigen in the two preparations, and as in the case of the constant- 
antibody test again leads to the conclusion that purified virus is about four times 
as strong as crude virus. Fora rough method of comparing concentrations of virus 
this test seems preferable to the constant-antibody test because, if the same serum 
is used throughout, only one or two concentrations of virus need be tested in order 
to obtain the required results, provided these concentrations are picked to fall on 
the straight part of the curve. 

Constant-antibody tests with dialysed serum were unsuccessful, as the optimal 
zone always occurred in the most concentrated serum tubes even when these con- 
centrations were as much as 1 in 2 and the antigen was very dilute. Also, many 
neighbouring tubes flocculated simultaneously, and it was impossible to pick an 
optimal value. The use of a lower temperature for incubation in an attempt to 
separate these tubes was prohibited by the difficulty of producing adequate eon- 
vection currents. 

The end-titre of the serum was observed for all the constant-antigen tests 
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performed. It was found that this value was to some extent dependent on con- 
centration of antigen, being lower with strong antigen and gradually rising as the 
antigen was diluted. The increase was not very great, being four-fold over the 
ranges tested here. The end-titre of the serum was taken as the highest dilution 
of serum which gave flocculation with antigen sufficiently diluted to produce the 
maximum number of flocculating tubes. When the end-titre had risen to its 
maximum it remained constant until the antigen became too dilute to floeculate. 
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Fig. 3. Constant-antigen tests with undialysed serum. 
Curve A represents SA serum and crude virus; 
eurve B represents CJ1 serum and crude virus; 
curve C represents SA serum and purified virus; 
curve D represents CJ1 serum and purified virus; 


With the undialysed serum the end-titre for SA was 1/40960 and for C.J1 1/20480. 
For the dialysed serum the end-titre was 1/20480 for SA and 1/5120 for CJ1. 
These results indicate that dialysis had reduced SA serum to half strength and 
CJ1 serum to one-quarter strength ; also that SA was twice as strong as CJ1 before 
dialysis and four times as strong as CJ1 after dialysis of each serum. These re- 
sults are in accord with those deduced from the constant-antibody tests. The 
constant-antigen O.R. for undialysed serum did not indicate any difference be- 
tween SA and CJ1 sera as both gave the same O.R. with the same antigen. The 
loss of antibody during dialysis is partly due to the precipitation of the euglobulin 
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fraction of the serum-proteins ; antibodies can be demonstrated in this precipitate. 
Thus dialysis of the serum, while affecting the O.R. to such an extent that no 
value is obtainable, has only a small effect on the end-titre of the serum. This 
fall in end-titre can be attributed to a certain loss of antibody by precipitation and 
a certain amount of dilution with water during dialysis. The decrease in end- 
titre does not indicate sufficient loss of antibody to account for the change in O.R., 
which must surely be due to a change in quality rather than in quantity of antibody. 


2. Tests with Antibody Globulin Preparations. 


Portions of dialysed and of undialysed SA serum were half-saturated with 
(NH, )2SO,q ; the precipitate of globulin so obtained was redissolved in saturated 
NaCl solution and dialysed. Constant-antibody and constant-antigen tests were 
done with these globulin solutions and with purified virus. The curves for the 
constant-antibody tests are shown in Figs. 1 and 2 for undialysed and dialysed 
serum-globulin respectively. The resemblance of these to the other curves of Figs. 
1 and 2 is immediately apparent. There is the same rise in O.R. to a maximum 
value, and then a slower falling-off. The globulin solution from undialysed SA 
serum is stronger than that from the dialysed SA serum, and both preparations 
are much weaker than the original serum from which they were prepared. The 
constant-antigen test was similar to that obtained with dialysed serum, in that a 
very wide optimal zone always including the strongest serum dilution was present 
and no estimation of the O.R. was possible. The end-titres obtained in this test 
were 1/8192 for the globulin solution from undialysed SA, and 1/2048 for the 
globulin solution from dialysed SA. 

It seems that most of the antibody is precipitated by half-saturation with 
(NH, ).SOx4, since only a very small amount could be demonstrated in the super- 
natant liquid after removal of the precipitate. However, quite an appreciable 
amount is lost in the portion of the (NH,).SO,4 precipitate which is left after 
treatment with saturated NaCl and subsequent dialysis. The part which remains in 
solution after this process behaves with regard to the constant-antibody test in a 
way similar to the whole serum. 


DISCUSSION, 

It is not surprising that some of the serological reactions of the tobacco mosaic 
virus are peculiar because, as pointed out earlier, this virus forms a unique kind of 
antigen consisting of slender rods of nucleoprotein. The change of O.R. with con- 
centration of serum in the constant-antibody test and the big difference between 
the constant-antibody and the constant-antigen O.R. are very unusual features. 
With purified virus and undialysed SA serum, the constant-antibody O.R. had 
values between 8-3:1 and 66-6:1, while the constant-antigen O.R. was 1: 8-3. 
Considering only the minimum value fcr the constant-antibody O.R. we find that 
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here one part of antigen requires 0-12 parts of serum, whereas in the constant- 
antigen test one part of antigen requires 8-3 parts of serum. Thus the constant- 
antigen O.R. is 66 times the constant-antibody O.R., and may be as much as 500- 
600 times this O.R. With organisms such as Brucella abortus which have a surface 
antigen of the polysaccharide type, the constant-antibody and constant-antigen 
O.R.’s are constant over a wide range of concentrations of serum or antigen (Platt, 
1938), and the values of the two ratios do not differ very widely from each other, 
the constant-antigen O.R. being 2-8 times the constant-antibody O.R. The same 
sort of results are recorded by Taylor (1933) for crystalline egg-albumin and its 
antiserum ; here the two O.R.’s had values rather closer, the constant-antigen ratio 
corresponding to a mixture of antigen and antibody containing 1-6 times as much 
serum as the constant-antibody optimal mixture. The tobacco mosaic virus falls 
into line with these other antigens in respect of the constant-antigen O.R., which 
remains constant over a wide range of dilutions of antigen, and always corres- 
ponds to an antigen-antibody mixture containing more antiserum than the con- 
stant-antibody optimal mixture. 

The effect of dialysis on the tobacco mosaic virus antiserum is curious. The 
drop in end-titre after dialysis is much the same as that recorded by Dunean 
(1937), who was working with agglutinating sera prepared also in the rabbit 
against dysentery and salmonella organisms. Platt (1938) working with cow 
serum and Brucella abortus did not find any appreciable decrease in end-titre or 
effect on O.R. after dialysis. I have found that dialysis of Type I anti-pneumo- 
coccus horse serum resulted in an almost complete loss of precipitating antibody, 
which could be demonstrated in the precipitate appearing during dialysis. In this 
connection Felton (1932) has deseribed the protective antibody in anti-pneumo- 
coccus horse serum as being present in the water-insoluble fraction of the serum- 
protein. This subject of the association of antibody with various fractions of 
serum-globulin in different animal species is being studied further. The euglobulin 
precipitated during dialysis of the tobacco mosaic virus antiserum was shown to 
contain antibody, the loss of which probably accounts for the fall in titre of the 
serum. On the other hand the change in the general appearance of the constant- 
antigen test after dialysis cannot be accounted for by this loss of antibody ; it may 
possibly result from a change in quality of the antibody. Such change may be 
imagined as a loss or partial destruction of some of the active patches on the sur- 
face of the antibody-globulin occasioned by the artificial separation of the euglo- 
bulin from the whole serum-globulin. (See Marrack and Duff, 1938.) 
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SUMMARY. 


In a wide range of constant-antibody and constant-antigen tests no marked 
difference was observed between the behaviour of the purified virus preparation 
and the crude virus. With both antigens, however, the serological tests showed the 
following features of peculiar interest : 

1. The constant-antibody O.R. was found to depend on the concentretion of 
serum. 

2. Although the constant-antibody test exhibited this peculiarity, the con- 
stant-antigen test behaved in normal fashion and gave an O.R. constant over a 
wide range of concentrations of antigen. 

3. The values of the constant-antibody and the constant-antigen O.R.’s differ 
markedly one from the other. 

4. Dialysis of the antiserum did not affect the constant-antibody test except 
for a general decrease in O.R. on account of some loss of antibody. 

5. Dialysis of the antiserum affected the constant-antigen test to such an ex- 
tent that no result was obtainable because the optimal zone was very large and 
covered most of the range of dilutions of antigen tested. 

6. The end-titre of the serum was only very little affeeted by dialysis, decreas- 
ing somewhat on account of loss of antibody by precipitation. 

7. Solutions of antibody-globulin obtained from the antiserum behaved like 
whole serum in the constant-antibody test. and like dialysed serum in the constant- 
antigen test. 
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Within recent years, despite the appearance of many papers dealing with 
poliomyelitis, the solution of many of the problems connected with the disease 
still eludes us. The present work consists of a pathological examination of eight 
eases, in the hope of throwing light on the relative susceptibility of different cells 
in the central nervous system and on the portal of entry of the virus. 

The cases were obtained during an epidemic of poliomyelitis occurring in 
South Australia in the last part of 1937 and the early part of 1938, i.e. in the 
summer and autumn seasons. Ina total population of 591,000, from 1st November, 
1937, to 30th June, 1938, 341 cases were notified with 21 deaths. The case mor- 
tality rate was, therefore, approximately 6 p.c. The 341 cases were part of a 
severe epidemi¢ which involved also Victoria and Tasmania. The early cases in 
Victoria were very acute and often bulbar in type. 


CASE NOTES." 
Case 1. 

N.P., male, aged 7 years was admitted on 12/12/37. Four days previously he came home 
from school complaining of headache and pain in the neck. He had fever the next day and 
began vomiting. On the following day he still vomited frequently, and developed a nasal voice 
with some regurgitation of fluids. He could still swallow. Later he complained of ‘‘ pins and 


’? in his shoulders. 


needles 
Examination, The temperature was 101-4°F., the pulse rate 112 and the respiratory rate 26. 
The face was flushed and he held himself somewhat rigidly. Except when addressed, he was 
apathetic. His voice was nasal. There was paresis of the left side of the palate and of the face. 
1 This work was carried out under a grant from the National Health and Medical Research 
Council. 
2For the provision of the case notes I am indebted to the Board of the Metropolitan 
Infectious Diseases Hospital and to the Medical Superintendent, Dr. Alan Finger. 
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The spine and neck were moderately stiff, and flexion of the neck caused ‘‘pins and needles’? in 
the right flank. Kernig’s sign was negative. There was no gross weakness of the limbs but 
marked tremor was present. The deep reflexes were present. Breathing, both intercostal and 
diaphragmatic was normal. 

Course. On the next (5th) day his general condition was much worse. Both lower limbs 
were weak, speech unintelligible and he was unable to swallow. For some hours before death ther 
was respiratory difficulty. He died at 3.10 a.m. on the 6th day of the illness. Before death his 
temperature was 102-6°F. and his pulse rate 160. 

Autopsy (performed 12 hours after death). There was enlargement of the spleen and of 
the mesenteric glands. The brain was slightly congested. Section of the brain-stem showed 
congested small vessels. 

Case 2. 

S.B., female, aged 8 years, was admitted on 26/12/37 after having been ill for three days. 
After one day of listlessness, she complained of frontal headache, and later, pains in the back 
and abdomen. On the following day she was restless and the pains were still present. The 
next morning (3rd day) her right arm was weak, and there was marked tremor and head re- 
traction. 

Examination. The temperature was 99-4°F., the pulse rate 100 and respiratory rate 38. 
The patient was a well nourished child, rather apprehensive and with obvious dyspnoea. There 
was marked tremor of the extended hands, especially the right. Her head was retracted and the 
neck and spine were rigid. The cranial nerves were normal. Apart from absence of the knee 
jerks, there was no abnormality of the lower limbs. Of the upper limbs, the left was normal but 
the right was definitely weak. The diaphragm was over active and there were practically no 
intercostal movements. 

Course. Though she was placed in a respirator, her general condition deteriorated rapidly 
and she died some hours later. Death was preceded by convulsive spasms and cyanosis. 

Autopsy (performed within 8 hours of death). There were no abnormal findings on macro 
scopic examination of the brain and spinal cord. 


Case 3. 


R.M., female, aged 14 vears, was admitted on 7/1/38, At noon, two days previously headache 
commenced and she vomited once. In the evening she was better, but at 3 a.m. she awoke and 
found that one leg was weak. Next morning both legs were weak, and a little later both arms 
became weak. At 10 a.m, she could not speak. Respiratory difficulty began at mid-day, and by the 
time she reached the hospital (2 p.m.) she was unconscious, cyanosed and moribund. Within a 
few minutes of admission she died in convulsions. The temperature and pulse rate were not taken. 

Autopsy (performed within 2 hours of death) . There was no enlargement of the mesenteric 
glands. The brain was congested, and there was a large amount of post-mortem subarachnoid 
bleeding, suggesting to those with no knowledge of the case history, spontaneous subarachnoid 
haemorrhage. 

Case 4. 

H.L., male, aged 20 years, was admitted on 23/1/38. Six days previously he had pain in the 
back and front of the chest. The next day he had a sore throat, and on the following day a very 
severe occipital headache. This lasted until the morning of admission. 

Examination. The temperature was 100°F., the pulse rate 110 and respiratory rate 24. 
The patient was a well-developed aboriginal half-caste lying apprehensively in bed. The neck and 
spine were rigid. The cranial nerves were normal. He had weakness of the left triceps muscle. 
His left lower limb was flaccidly paretic. There was very little intercostal movement, but there 
was full movement of the diaphragm. 
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Course. On account of increased respiratory difficulty he was placed in a respirator shortly 
after admission. The next day his general condition was worse. There was inactivity of both the 
diaphragm and intercostal muscles. All four limbs were very weak and he had retention of urine. 
Later that day he was unable to swallow. Paroxysmal tachycardia developed which responded 
to pressure on the carotid bifurcation. He died that evening following a short period of con- 
vulsive spasms. His temperature reached 105-4°F., and his pulse rate 156. 

Autopsy (performed 16 hours after death). There were no abnormal findings on macro- 
scopic examination of the central nervous system. 


Case 5. 


K.P., male, aged 5 vears, was admitted on 31/1/38. Six days previously he was restless at 
night. He was better on the next two days. Then he complained of pains in the neck and was 
drowsy and feverish. Anorexia was marked and he was very constipated. Loss of power in the 
right side of the face followed two days later. 

Examination. The temperature was 101°F., the pulse rate 120, and the respiratory rate 30. 
The neck and spine were very stiff. There was paresis of the right side of the face, and of the 
left triceps muscle. Movement of the intercostal muscles was very slight. 

Course. The facial paresis was much more marked next day. On the following day the 
temperature rose to 102-4°F., and difficulty in swallowing developed. Next day the temperature 
rose to 104° F., and coma led to death. 

Autopsy (performed 5 hours after death). Unfortunately only the olfactory bulbs and the 
trigeminal ganglia were available for examination. 


Case 6. 


H.R., male, aged 46 years, was admitted on 3/2/38. Two days previously he woke in the 
morning with stiffness of his shoulders and neck. Headache developed and became more severe 
during the day. The next day he noticed stiffness and weakness of the right arm. Considerable 
retching occurred, and his limbs appeared to twitch. 

Examination. The temperature was 98-4°F., the pulse rate 78, and the respiratory rate 24. 
The patient was a big middle-aged farmer lying comfortably in bed. The lungs were normal 
except for greater expansion of the left side of the chest. There was no movement of the 
diaphragm, yet there were no signs of respiratory distress. The cranial nerves were normal. 
The neck and spine were slightly stiff, and both arms were weak. The lower limbs were normal. 

Course. Some hours later respiratory difficulty became apparent, and he was placed in a 
respirator. The next day dysphagia developed and the patient became rapidly worse. Death 
followed a short period of unconsciousness with cyanosis and convulsions. 

Autopsy (performed 5 hours after death). In the spinal cord there was slight meningeal 
congestion. The upper cervical cord was much softer than the lumbar cord, and showed congested 
small vessels on section. The brain-stem was similar. The mesenteric glands were enlarged, and 
there were pleural adhesions on the right side of the thorax. 


Case 7. 


M.B., male, aged 11 months, was admitted on 14/2/38, after having been ill for three days. 
The illness commenced with feverishness and vomiting. He appeared better the next day, but on 
the morning of admission he woke up ‘‘limp’’, and ‘‘did not move himself much’’. His neck 
seemed stiff. 

Examination. The temperature was 100-2°F., the pulse rate 128 and the respiratory rate 38. 
The patient was a sick apathetic baby. There was no tremor, and the back and spine were rigid. 
The cranial nerves were apparently normal. There was paresis of the intercostal muscles, with 
consequent over-action of the diaphragm, but no respiratory distress. The limbs, so far as could 
be determined, were normal. The reflexes were present. 
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Course. There were no marked changes until two days later. 
16/2/38 respiratory distress developed, and the patient was transferred to a respirator. 
occurred at 7.35 p.m., and was preceded by irregularity of the pulse rate. 
evidence of paralysis of the limbs throughout the course of the illness. 

Autopsy (performed 14 hours after death). There were no pathological changes to be 
found on macroscopic examination of the brain and spinal cord. 


In the early morning of 


Death 
There was no definite 


Case 8. 


R.N., male, aged 38 years, was admitted on 27/2/38. Two days previously he noticed aching 
pains in the back and thighs. He suffered from nausea but did not vomit. Next day he had 
pain and stiffness in the neck. On the morning of admission he noticed weakness of his right leg. 

Examination. The temperature was 99-2°F., pulse rate 104 and respiratory rate 20. The 
patient was a big, well-built, sun-tanned man lying quietly in bed. There was a fine tremor of the 
hands, and the neck and back were very stiff. The cranial nerves were normal. All the muscles 
of the right lower limb were very weak. The upper limbs and respiratory muscles were normal. 

Course. On the following day paresis of the left leg was apparent. 
of urine and constipation, associated with abdominal distension. 


There was retention 
These persisted until death. 
On 3/3/38 he had intermittent dysphagia, and the upper intercostal muscles and the triceps 
muscles became weak. He became very restless and was controlled by sedatives. Dysphagia and 
respiratory difficulty increased, and he died in convulsions, with rapidly mounting pyrexia on 
5/3/38. 
Autopsy. There were no abnormal findings on macroscopic examination of the central 


nervous system. 
TABLE 1. 


Essential Facts of the Case Histories. 











Case 1 2 3 4 5 6 7 8 
Sex Male Female Female Male Male Male ~~ Male Male 
Age 7 years S8years I4years 20 years Syears 46 years 11 months 38 years 
Fever = + ? + rT + a 
Vomiting or nausea + + + + ‘ f 
Headache + = + a + = = 
Stiffness of neck or spine + ao ? + + + + + 
Tremor + +- ? . + - 
Dysphagia + - + + + + + 
Retention of urine + 4 
Initial palsy Lt. Palate Rt. Arm Leg Lt. Triceps Rt. Face Rt. Arm Intercostal Rt. Leg 
Lt. Face Lt. Leg muscles 
Type of case Bulbo- Upper Ascending Spino- Bulbo- Spino- Spinal Spino- 
spinal spinal type bulbar spinal bulbar bulbar 
Duration of illness 6 days 3 days 2 days 7 days 9 days 2 days 5 days 7 days 
from initial symptoms 
Duration of illness 4 days 1 day 1 day 2 days 3 days 1 day 3 days 5 days 


from initial palsy 


Sex and Age-incidence ; Mortality ; Type of Case. 


Of 21 patients dying in the epidemic, 12 were male and 9 were female. 


The age distribution 


of the 341 cases (including the 21 fatal) is shown in Fig. 1, from which it will be seen that 159 
cases, or 46-6 p.c., were 10 years of age or over, while 45 cases, or 13-2 p.c., were 20 years of age 


or over. 


These figures are suggestive of the tendency of poliomyelitis in recent years to affect 


more and more the higher age groups (see ‘‘ Poliomyelitis’’ International Committee (1932) ). 
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The number of fatal cases, 21, is too small to allow of definite conclusions. However, 13 of these, 
or 62 p.c., were over 10 years of age, while 7, or 33 p.c., were over 20 years of age, suggesting 
greater mortality as well as greater incidence in the higher age groups. 

Of the cases considered in this paper, six were male and two female. Six of these eight 
eases had clinical evidence of bulbar involvement. Fischer and Stillerman (1937) found that 
all their fatal cases showed evidence of bulbar involvement during their illness, while Silverman 
(1931) found that there was a certain parallelism between the incidence of cases of bulbar and 
bulbo-spinal paralysis and the fatality rate. 

Scott-Brown (1931) found in his series of 15 cases of poliomyelitis, of which five were bulbar 
in type, that tonsillitis or pharyngitis was present in every case. On the other hand, in this series 
it occurred only in Cases 1, 4 and 8. 
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MATERIAL AND METHODS. 


With the exception of the olfactory bulbs and trigeminal ganglia, which were fixed with 
Zenker-acetic fluid, the brain, and the portions of the spinal cord which were not preserved in 
glycerine, were fixed with formol-saline. After remeval of the brain-stem, the brain was divided 
by sagittal section into two halves. A series of approximately eight slices was made in the 
frontal plane through one half of the brain. These slices, together with appropriate sections 
across the brain-stem and such sections of the spinal cord as were available, were embedded in 
celloidin. Sections were cut at 15u and stained by routine histological methods. 

The olfactory bulbs and trigeminal ganglia were embedded in paraffin. Both were cut in 
serial section at 5u, and stained with iron-alum haematoxylin and eosin. 


PATHOLOGICAL CHANGES. 
A. CEREBRUM. 
This was available for examination in 6 of the 8 cases of this series, 
(1) MENINGES. 


Infiltration of the pia and the arachnoid was mild and patchy, and for the most part related 
to vessels. It was more apparent in the depths of the sulci, than on the surfaces of the gyri. 
The cells of the infiltrate were lymphocytes with occasional polymorphonuclear leucocytes. 
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In most of the cases this mild scattered meningeal infiltration was seen in the central sulcus, 
and on the pre- and postcentral gyri. It was also present in the hippocampal fissure and over the 
anterior perforated substance. Occasionally it occurred in the lateral fissure. In Case 4, it was 
present also in the calearine fissure, and in Case 1, on the outer aspect of the tuber cinereum 
and the infundibulum. Cases 6 and 7 differed from the others in that meningeal infiltration was 
for the most part absent, and nowhere amounted to more than a few scattered cells. 

In some regions, such as the precentral gyrus and the anterior perforated substance, the 
meningeal infiltration was related to underlying pathological changes in the parenchyma. Hurst 
(1929) maintains that in such cases the pial infiltration is brought about by the discharge of 
surplus cells from the overcharged perivascular spaces of the gray and white matter into the 
pial meshes. 

Meningitis in the calearine fissure, however, cannot be explained thus. Kornyey (1933a) 
considers that meningeal infiltration without underlying parenchymal damage may be due either 
to a reaction to the virus present in the meninges, or to a general reaction of immunity of the 
mesoderm of the central nervous system. However, as Horanyi-Hechst (1935) points out, this 
does not explain the insular form of the infiltration. He suggests that the conditions governing 
the circulation of the cerebro-spinal fluid may play a part in this. The fact that the meningeal 
infiltration is most apparent in the depths of the sulci agrees to a certain extent with this state- 
ment. Possibly there is a slower velocity of flow of the cerebro-spinal fluid within the depths of 
the sulci, and the inflammatory cells tend to lodge in these ‘‘ back-waters’’. 

(2) CorTEx. 

With one exception the only area affected was the precentral gyrus, almost exclusively in the 
area giganto-pyramidalis of Brodmann. In all of the cases the vessels of this area showed 
moderate perivascular cuffing in all six cortical laminae. The infiltrate consisted of lymphocytes 
and other mononuclear cells, and when traced to the surface became continuous with that in the 
meninges. In addition perivascular infiltration could be seen in the white matter immediately 
subjacent to the affected cortex. Tissue infiltration was of moderate intensity and was focal 
in type. It was present in all laminae and consisted of swollen microglial cells and polymor- 
phonuclear leucocytes. The presence of the latter is of considerable importance, for it is char- 
acteristic of a recent lesion. It is probable that lesions of the area giganto-pyramidalis are second- 
ary to those of the motor nuclei of the spinal cord and brain-stem, and that the infection passes 
upwards along the pyramidal tracts. Pette (1930) and Stiefler and Schenk (1933) also have 
observed the presence of comparatively large numbers of polymorphonuclear leucocytes in polio- 
myelitic lesions of the area giganto-pyramidalis. 

Of the nerve cells, the giant pyramidal cells of Betz were chiefly involved. Only occasional 
cells were affected, many being apparently normal. Most of the affected cells showed moderate 
to marked chromatolysis, sometimes associated with swelling of the cell and eccentricity of its 
nucleus. Occasionally necrosis and neuronophagia occurred. A few smaller pyramidal cells lying 
in the 3rd lamina showed moderate chromatolysis and rarely were undergoing neuronophagia. 

Hurst (1929), André-Thomas and Lhermitte (1929) and Pette (1930) were the first to draw 
attention to isolated lesions of the motor cortex in both human and monkey poliomyelitis. Pette 
(1930) and Kérnyey (1933b) have shown that not only is the area giganto-pyramidalis the site 
of election for poliomyelitic lesions of the cortex, but that there is laminal electivity in this area, 
the third and fifth layers being mainly affected. 

Hurst (1930) noted that the lesions of the motor cortex in monkey poliomyelitis were most 
marked in the dorsal] third (leg centre). More recently Horanyi-Hechst has found a similar state 
of affairs in the majority of his cases of human poliomyelitis, and in a proportion has correlated 
the distribution of lesions in the precentral gyrus with those in the brain-stem and spinal cord. 
Thus in the majority of cases in which the leg centre was most severely affected, the lumbar 
segments of the spinal cord showed the most marked changes, 
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Of the six cases of this series, Cases 1 and 4 showed the most severe changes in the dorsal 
third (leg area). In Case 6 the upper and lower thirds were equally involved, while in Case 7 the 
lower half was more severely affected. In the remaining two cases there was no difference in the 
intensity of the lesions of the various parts of the motor cortex. I was unable to correlate the 
lesions of the bulbo-spinal motor centres with those of the area giganto-pyramidalis. For the most 
part, however, the clinical findings were the only indication of localization of lesions in the 
spinal cord, since appropriate sections were available only in Cases 4 and 6. 

In several of the cases an occasional vessel which showed mild perivascular infiltration was 
seen in the frontal cortex, while in Case 4 similar perivascular cuffing was seen in the cortex 
of the cingulate sulcus; cell loss and tissue infiltration, however, were absent. 

Horanyi-Hechst agrees with Kérnyey that poliomyelitic foci and changes in the nerve cells of 
the cerebral cortex in human poliomyelitis are found only in the precentral region, particularly in 
the area giganto-pyramidalis. The only dissentient view he could find in the literature was that of 
Spielmeyer, who found lesions in the cornu Ammonis of one case. In Case 7 of this series a smail 
focus of glial cells and one polymorphonuclear leucocyte was seen in the posterior part of the 
cornu Ammonis. It lay in the stratum lucidum (Cajal), just external to the double layer of 
pyramidal cells. In its neighbourhood there were a few vessels with mild perivascular infiltration. 
Therefore, while agreeing with Kérnyey so far as the neopallium is concerned, I cannot accept his 
opinion in regard to the archipallium. 


(3) Basa. GANGLIA. 
(a) Corpus Striatum. 

1. Caudate nucleus: Lesions were absent in every case. 

2. Lentiform nucleus: In two cases there were a few vessels in the putamen with mild 
perivascular infiltration. In addition there was a small area of mild diffuse infiltration in one 
of these cases. In both the nerve cells were normal. 

The globus pallidus was involved in four cases, the lesions in each consisting of mild peri- 
vascular infiltration of a few vessels. In none were the nerve cells affected. In Case 6 there 
was calcification of the walls of the vessels. In those cases in which lesions occurred in the globus 
pallidus, the putamen was unaffected. 

3. Internal capsule. An occasional vessel with mild perivascular infiltration was seen in 
three cases. 


(b) Claustrum. 

This was never involved. Medial to it, however, a few vessels with mild perivascular infiltra- 
tion were seen in the external capsule of one case. 

The changes found in the corpus striatum and claustrum are similar to those reported by 
Stiefler and Schenk, and by Kérnyey (1933b). Horanyi-Hechst found in a few of his cases, 
besides perivascular infiltration, poliomyelitic foci both in the globus pallidus and the putamen. 
Occasionally there was mild perivascular infiltration in the claustrum. 


(c) Thalamus: 


Lesions were found in the thalamus in all cases. Usually they consisted of mild perivascular 
cuffing. The nerve cells were never unaffected. 

Special attention was paid to the site of the lesions within the thalamus. The anterior 
nucleus was never affected. The lower end of the medial nucleus and the lateral nucleus were each 
involved in two cases. The ventral nucleus was more often involved, lesions occurring in five of 
the six cases. In the ventral nucleus the medial part was always most involved. Apart from the 
mild perivascular cuffing, diffuse infiltration of glial cells, together with an appreciable number 
of polymorphonuclear leucocytes was seen in the ventral nucleus of two cases. 
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The ventral nucleus of the thalamus serves as a relay station for the medial lemniscus and 
spinothalmiec tracts. In addition it receives fibres from the brachium conjunctivum and red 
nucleus. It may well be, therefore, that the lesions of the ventral nucleus are secondary to lesions 
of the spinal cord, brain-stem and cerebellum. 

Horanyi-Hechst admits that the changes in the diencephalon are generally later in origin 
than those of the brain-stem and the spinal cord. He could not find in the changes in the thalamus, 
however, any topographical relationship either to the internal capsule (spread of the virus along 
the pyramidal tracts), nor to the termination of the lemnisci. Both Stiefler and Schenk, and 
Koérnyey (1933b) found that the main changes occurred in the ventral nucleus. 

(d) Hypothalamus: 

The hypothalamic region was involved in all six cases, though different nuclei were affected 
in every case. Lesions consisted of moderate perivascular infiltration, associated sometimes with 
mild to moderate tissue infiltration, which was usually diffuse but occasionally focal in type. 
Death of nerve cells was never seen. In some sections the infiltrate, apart from glial cells and 
lymphocytes, contained appreciable numbers of polymorphs. The supraoptic nucleus was in- 
volved in three cases, the tuber cinereum in two cases, and the tegmental field H of Forel in two 
eases. The dorso- and ventro-medial hypothalmic nuclei were each affected in one case. The 
subthalmic nucleus (Luys) showed mild perivascular infiltration in only one case. 

Stiefler and Schenk found that the changes were most marked in the neighbourhood of the 
third ventricle and decreased in intensity laterally; in this respect the present cases are all 
similar. Horanyi-Hechst found changes most frequently in the nucleus paraventricularis, but 
even here cell necrosis occurred but rarely. 


(e) Metathalamus: 
The lateral geniculate body was never affected. The medial geniculate body was affected 


in one case, the lesions consisting of mild perivascular cuffing, and moderate focal infiltration 
with glial cells and polymorphonuclear leucocytes. 


(f) Epithalamus: 

The pineal body showed marked vascular congestion in one case. The nucleus of the posterior 
commissure (Darkschewitsch) was seen in one case, and showed perivascular cuffing and focal in- 
filtration. The Nissl granules were not clear cut, and a few cells were undergoing neuronophagia. 


(4) RHINENCEPHALON. 

In view of the widely accepted belief that the olfactory nerves are the most probable portal 
of entry for the virus of poliomyelitis, special attention was paid to the rhinencephalon. Apart 
from those in the region of the anterior perforated substance, the lesions were surprisingly 
insignificant. 


(a) Olfactory bulbs: 
These were available in four cases. Though they were cut completely in serial sections, no 
lesions were detected. 


(b) Antérior perforated substance: 

The changes consisted in moderate perivascular cuffing and tissue infiltration usually focal 
in type. They occurred in four cases. The medial and lateral striate vessels pass through the 
anterior perforated substance to supply the basal ganglia. The perivascular infiltration, there- 
fore, can be explained as due to an overflow of inflammatory cells from the lesions in the basal 
ganglia into the spaces of Virchow-Robin. It is improbable, therefore, that lesions in the 
anterior perforated substance indicate the portal of entry of the virus. 
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(c¢) The amygdaloid nucleus was always free from lesions. 
(d) Lesions occurred in the cornu Ammonis in only one case. They have already been 
described in the section on the cerebral cortex. 


(5) CRANIAL NERVES. 


In two cases there was mild diffuse mononuclear infiltration at the periphery of the trigeminal 
ganglia. The ganglion cells were normal. The optic nerves and tracts were always unaffected. 


(6) CHOROID PLEXUS. 


Apart from calcification in the vessels in Case 6, no lesions were seen. 


B. BRAIN-STEM AND CEREBELLUM. 
(1) MENINGEs. 


Meningeal infiltration was similar to that seen in the cerebrum. It occurred in the inter- 
peduncular fossa and over the ventral aspect of the pons and the medulla, and often in the 
cerebellopontine angle and between the cerebellar folia. Its occurrence on the ventral aspect 
of the brain-stem cannot be related to the underlying pyramidal tracts, to the pontine nuclei or to 
the inferior olivary nucleus, because these rarely showed lesions. However, the ventral aspect is 
the region of entrance and exit of most of the blood vessels, and it is possible that the occurrence 
of meningitis here is due to the overflow of inflammatory cells from the diseased tegmentum 
along the perivascular sheaths. The presence of meningitis in the cerebellopontine angle could 
be explained on similar lines, but in both cases the conditions governing the flow of cerebro-spinal 
fluid may play a part. Thus Hurst (1932), after the injection of Indian ink or trypan blue 
into the cisterna magna of monkeys, stated that, ‘‘the maximum colouration was seen on the 
inferior surface of the cerebellum, along the basilar artery and anterior cerebral arteries, and 
around the interpeduncular fossa, spreading thence by the Sylvian fissure and adjacent convolu- 
tions to the vertex and medial surface’’. The evidence suggests, therefore, that whatever the 
origin of the cells infiltrating the meninges, their distribution is influenced by the flow of the 
cerebro-spinal fluid. 


(2) MIDBRAIN. 


Lesions in the midbrain were almost entirely confined to the tectum and the tegmentum; the 
cerebral peduncles were usually spared, but a few vessels showed perivascular cuffing. The in- 
flammatory changes consisted of vascular congestion, oedema, moderate to severe perivascular 
cuffing, occasional extra-adventitial infiltration, and tissue infiltration, both diffuse and focal. 
The infiltrate consisted of swollen microglial cells and lymphocytes with a few polymorphonuclear 
leucocytes. 

In the superior colliculi there was marked perivascular infiltration, but tissue infiltration was 
milder and more diffuse. In three cases the motor cells of the superior colliculi showed mild 
chromatolysis. 

As a rule, perivascular and tissue infiltration were well marked in the reticular formation 
and in the grey matter surrounding the aqueduct of Sylvius. Occasional cells of the oculomotor 
nucleus showed moderate chromatolysis, but there was no cell-death. 

Only the parvo-cellular portion of the red nucleus was examined. Apart from moderate 
perivascular infiltration especially towards the periphery of the nucleus and occasional areas of 
mild diffuse and focal infiltration, the lesions were not marked. The nerve cells were normal. 

The results so far are similar to those of Horanyi-Hechst. 

In the substantia nigra of four cases there was moderate to severe perivascular infiltration. 
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In one of these, tissue infiltration was absent, in the others it was mild and diffuse. The cells 
were normal. The substantia nigra in the remaining two cases was markedly affected, extremely 
severe tissue and perivascular infiltration involving almost the whole structure with the exception 
of a small portion superolaterally. The pigmented nerve cells were embedded in masses of 
inflammatory cells, and most of them were moderately to severely chromatolytic. Necrosis with 
neuronophagia occurred in some. A few apparently normal cells were seen among the masses 
of inflammatory cells. 

The first four cases are similar to those described by Stiefler and Schenk, Horanyi-Hechst, 
and Kérnyey (1933b), who consider that necrosis of cells in the substantia nigra is rare. The 
other two resemble those of Guizetti (1933), who maintains like Marinesco, Manicatide and 
State-Draganesco (1929) that necrosis of these cells is common. 


(3) PONS AND MEDULLA. 


In the pons and the medulla, as in the midbrain, the seat of the pathological processes was 
the tegmentum. Except for occasional vessels with mild perivascular cuffing lying in the pontine 
nuclei, arcuate nuclei, olivary nuclei, and the pyramidal tracts, the ventral region was unaffected ; 
very rarely small foci of glial cells were seen here. The nerve cells were never involved. 

The pontine region was severely affected in five cases, and moderately in one. The severity 
of the inflammatory process usually diminished slightly as it was traced from pons to medulla. 
The most intense changes were seen in the tissues forming the floor of the fourth ventricle, 
especially in the mid-line, but they were also well marked in the lateral walls. They consisted in 
oedema, vascular congestion, occasional small haemorrhages, perivascular infiltration, and tissue 
infiltration both diffuse and focal. Associated with these was the death of nerve cells. 

Hurst (1929) interprets the minute haemorrhages as the result of post-mortem trauma. 
Landon and Smith (1934), on the other hand, maintain that they are due to the action of a toxin, 
presumably virus itself, on the endothelium of the blood vessels, which are damaged to such a 
degree that they petmit diapedesis of red cells or even actual haemorrhage. The latter theory 
is improbable because the virus of poliomyelitis has never been shown to affect any but nerve cells. 
Sabin and Olitsky (1936) have found that its specificity is so complete that, unlike. most other 
viruses, it has never been grown in tissue-culture except of human embryonic brain. Moreover 
viruses do not produce toxins, so that if a toxin is supposed to damage the vascular endothelium, 
it must be produced in degenerating nervous tissue. Lennette and Reames (1937, 1938) have 
shown that in experimental poliomyelitis there is a slight increase in the permeability of the 
blood-brain barrier to sodium nitrate, but not to protein or globulin: it seems unlikely that red 
blood corpuscles could pass through damaged walls impermeable to protein. 

Perivascular cuffing of vessels was extremely severe, and in addition there was often extra 
adventitial infiltration. Infiltration with swollen microglial cells and a few lymphocytes, both 
diffuse and focal, was seen throughout the tegmentum. More rarely a few polymorphonuclear 
leucocytes were 





en. The intensity of the inflammatory reaction in the pons was often equal to 
that seen in severely affected segments of the spinal cord. 

Chromatolytic changes and necrosis occurred more severely and more frequently in the nerve 
cells of the motor nuclei, than in those of the sensory nuclei of the brain-stem. 

In the motor nucleus of the 5th nerve, there were a few necrotic cells in one case, but usually 
the changes went no further than those of moderate chromatolysis. The abducent nucleus showed 
moderate cell loss in one case. The facial nucleus showed mild cell loss in one case, moderate in 
three cases, and severe in one case. There was a tendency, noticed in the other motor nuclei, for the 
nucleus on the one side to be much more affected than its fellow on the opposite side. In the 
lateral vestibular nucleus (Deiter’s), in all of the cases at least half of the cells were undergoing 
neuronophagia, while there was moderate to severe chromatolysis of most of the remainder. A 
few apparently normal cells were seen among the closely packed cells of the infiltrate. The 
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nucleus ambiguus and the hypoglossal nucleus were equally affected. In three cases there was 
moderate cell loss, while in two there was almost total loss of the cells comprising the nucleus. 
The nucleus supraspinatus showed moderate cell loss in three cases. Moderate to severe 
chromatolysis was often seen in the large motor cells of the reticular formation. Occasional cells 
were necrotic and underwent neuronophagia. In two cases mild cell loss occurred in the dorsal 
motor nucleus of the vagus. 

The pigmented pontile nuclei of the locus coeruleus were affected in five cases. In two there 
was moderate chromatolysis, while in the others occasional cells were necrotic and were under- 
going neuronophagia. An extremely interesting feature of the neuronophagia was the presence 
of melanin granules within the cytoplasm of the phagocytes. This has been reported previously 
both in the substantia nigra and locus coeruleus by Marinesco, Manicatide and State-Draganesco 
(1929). Creutzfeldt (1925) reports a similar finding in the substantia nigra in von Economo’s 
disease. All these observations give definite evidence for the occurrence of neuronophagia. 

Horanyi-Hechst says that he has never seen actual phagocytosis, that is, the presence of 
fragments of cell bodies or tigroid or fibril fragments within the phagocytes, and prefers to call 
the process neurocytolysis. It is certain that inflammation severe enough to cause the death of 
nerve cells would be sufficient to cause lysis of the tigroid bodies and neurofibrils, making it 
difficult to recognize by these criteria that neuronophagia was occurring. In this connection the 
work of Levaditi and Pignot (1914) who observed definite evidence of neuronophagia in the 
posterior root ganglia, may be mentioned. 

In the mesencephalic nucleus of the 5th nerve mild cell loss was found in two cases. This 
is not unexpected for the nucleus has an embryological origin similar to that of the posterior root 
ganglia, in which lesions are found in both human and experimental poliomyclitis. (Forssner and 
Sjoévall (1907), Harbitz and Scheel (1907). The principal sensory nucleus of the 5th nerve was 
mildly affected in five cases, a few cells being necrotic, and the superior olivary and ventral 
cochlear nuclei in two cases. Though perivascular infiltration often occurred in the hilum of the 
inferior olivary nucleus, its cells were always normal. The arcuate nucleus was also unaffected. 
Focal infiltration was present in the medial and lateral tegmental processes of the pontine nuclei 
and in the nucleus of the spinal tract of the 5th nerve, but the nerve cells were unaffected. There 
wis oceasional necrosis of nerve cells in the cuneate and gracile nuclei, but it was not proportional 
to the tissue infiltration. 

The localization of the pathological process in the brain-stem to its tegmental portion has 
been a point of much interest since Harbitz and Scheel (1907) first drew attention to it. Spatz 
believes that the dorsal parts of the medulla and pons are especizlly involved by the disease 
because the virus spreads by way of the cerebro-spinal fluid. Horanyi-Hechst says that he would 
like to believe this, but that the assumption is not in accordance with all the histological facts 
Nor can he explain the localization of the process by the spread of the virus along the axons. 

The intensity of the pathological process in the floor of the 4th ventricle, especially to- 
wards the midline, prompts consideration of a tract to which no attention has hitherto been paid 
in poliomyelitis, ice. the medial longitudinal bundle, which extends through the whole length 
of the brain-stem, and lies close to the median plane and to its fellow of the opposite side. 

The most important element in the medial longitudinal bundle consists of fibres from the 
vestibular to the oculo-motor group of nuclei of both sides. It also contains fibres which connect 
with the formatio reticularis of the medulla and pons, the sensory nucleus of the 5th nerve and 
probably all other motor nuclei of the pons and medulla. It extends as high as the nucleus of the 
posterior longitudinal bundle (situated in the grey matter ventro-lateral to the third ventricle), 
and below is continuous with the anterior intersegmental tract of the spinal cord. Through the 
latter it is in intimate relationship with the anterior horn cells, a factor of the utmost importance. 

It is possible therefore, that virus could pass from the diseased anterior-horn cells into the 
anterior intersegmental tract, from there to the medial longitudinal bundle, and thence to the 
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nuclei of the tegmentum of the medulla and pons, and to the third ventricle. On the other hand 
if the initial lesions occurred in the pons and medulla, the anterior-horn cells could be secondarily 
involved through the same paths. 

Passage of the virus along the anterior intersegmental tract might explain the step-like 
character of the ascending type of poliomyelitis, the infection passing from segment to segment 
of the spinal cord, and eventually reaching the brain-stem by means of the medial longitudinal 
bundle. The reverse would hold for the descending type. 


(4) CEREBELLUM. 


In the molecular layer occasional vessels were seen with mild perivascular cuffing. The nerve 
cells were variably affected. There were no lesions of the Purkinje cells, but the cells of the 
ventro-medial portion of the dentate nucleus were mildly chromatolytic. In their neighbourhood 
there was moderate perivascular and focal infiltration. The roof nuclei were much more severely 
affected in the two cases in which they were examined. They were literally packed with inflamma- 
tory cells. Nearly all of the nerve cells were undergoing neuronophagia. 

Severe perivascular infiltration and occasional small haemorrhages occurred in the middle 
cerebellar peduncles, and were present in a milder form in the superior and inferior cerebellar 
peduncles. In one case there was mild perivascular and diffuse infiltration in the anterior 
medullary velum. 

The severity of the pathological process in the nucleus fastigius runs pari passu with that in 
Deiter’s nucleus. Possibly the virus, after manifesting its properties in the latter and thus 
becoming increased in quantity, passes to the nucleus fastigius along the fastigio-bulbar tract 
which connects them. 


C. SPINAL CORD. 


Most of the spinal cords were placed in glycerine, in order to obtain virus for experimental 
study. Sections through cervical, thoracic and lumbar segments were available in Cases 4 and 6, 
through the thoracic and lumbar in Case 2, through cervical in Cases 3, 7 and 8, and through 
thoracic in Case 1. 

Meningitis was more marked than in the cerebrum or the brain-stem, but the same types of 
cells occurred. As a general rule the infiltration of the pia was more apparent in the lower than 
in the upper segments, an observation previously made by Wickman (1913). It was more intense 
in the antero-median fissure and over the ventral aspect of the cord. 

Occasionally there was disparity between the intensity of the meningitis and the underlying 
inflammation of the parenchyma. Thus in a section from the lumbar cord of Case 6, meningitis 
was severe, yet within the substance of the cord, tissue infiltration was mild and localized to the 
region of the central canal, while the anterior-horn cells, apart from occasional vacuolation, were 
normal, In the cervical region of the same case, there were severe infiltrative changes and death 
of nerve cells, yet the meningeal infiltration amounted to no more than a few scattered cells. 

Lesions in the parenchyma of the spinal cord were severe in lumbar and cervical regions 
but only moderate in the thoracic region in Case 4. In Case 6 there were severe lesions in the 
cervical and thoracic regions, but the lumbar region was only mildly involved. 

In most of the eight cases the sections showed severe vascular congestion and oedema. Peri 
vascular infiltration was marked and there was often extra-adventitial infiltration. The former 
oceurred equally in the grey and white matter. At times it was possible to trace the inflammatory 
cells along the perivascular sheaths to the pia where they became continuous with the infiltration 
there. 

Tissue infiltration was confined to the grey matter and was of two types, diffuse and focal. 
It was most intense in the anterior horns and in the grey matter surrounding the central canal. 
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Occasionally the posterior horns were almost as heavily involved, but usually less so; rarely not at 
all. Tissue infiltration was always more intense immediately adjacent to the vessels. 

The cells comprising the infiltrate varied at different levels of the spinal cord. In segments 
at a later stage of the pathological process the vast majority of cells were swollen microglia, 
together with a small number of lymphocytes and rare polymorphonuclear leucocytes. In seg- 
ments more recently attacked by the virus, there were a few microglial cells at the rod-cell stage 
and occasional lymphocytes, but polymorphonuclear leucocytes predominated in the infiltrate. 
It was thus possible to trace the spread of the disease in the spinal cord and to correlate it with 
the clinical symptoms. For instance, in Case 6 where the initial palsy occurred in the upper limb, 
the cervical cord showed a later stage of the pathological process, the thoracic cord an inter- 
mediate stage and the lumbar cord an early stage. In the cervical region there was a total loss of 
anterior-horn cells, while those in the lumbar region showed only occasional vacuolation. 

In general the pathological picture was that of a primary degeneration of the neurons, 
secondarily attacked by polymorphonuclear leucocytes. Later these leucocytes were replaced 
by swollen microglial cells and lymphocytes. The phagocytosis of the necrotic nerve cells was 
brought about by the microglia. The minute haemorrhages which occasionally occurred in the 
grey matter were not always related to the severity of the inflammatory reaction. 

Loss of nerve cells was almost entirely confined to the anterior horns, but sometimes cells 
belonging to Clarke’s column or more rarely the intercalated neurons of the posterior horn were 
affected. The lesions of the anterior-horn cells varied from mild chromatolysis to severe changes, 
eventually passing on to necrosis and later to neuronophagia. When ganglion cells of the 
anterior horns were spared, they were always those of small or medium size; the large ones were 
apparently more susceptibie to the virus. When Clarke’s column was affected it was often only 
on one side of the spinal cord. Sometimes vacuolation of the cells occurred. Tissue infiltration 
was often well marked in the lateral horns which contain the connector cells of the sympathetic 
system. In rare cases some of these cells were severely chromatolytic, but actual cell loss was never 
detected. 

The central canal occasionally contained some hyaline exudate and a few mononuclear cells. 
In one case it was obliterated by proliferation of the ependymal cells. Landon and Smith (1934) 
have noticed obliteration of the central canal in over one-third of their cases. It must be pointed 
out that this often occurs in man with increasing age, and is not necessarily the result of disease. 


DISCUSSION. 
(1) The Selective Affinity of the Virus. 


Recent workers have maintained that loss of nerve cells in the spinal cord is 
a manifestation of selective affinity of the virus for the cells of the voluntary motor 
system, and is independent of vascular factors. The fact that the lateral-horn cells 
were usually unaffected when anterior-horn cells were severely involved, although 
both have the same blood supply, leads to the same conclusion. This was previously 
pointed out by Horanyi-Hechst. 

One of the main objects of this research was to determine whether nerve cells 
similar in structural and physiological properties to the anterior-horn cells, but 
lying elsewhere in the central nervous system than the spinal cord, showed the 
same susceptibility to the virus. Malone (1913) has already described the distri- 
bution within the central nervous system of such cells, that is, cells of the motor 
type. He recognizes them by their large size, by their sharply polygonal form, 
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and by their relatively coarse, well-defined Nissl granules. Directly or indirectly 
they innervate striated muscle. They include: the Betz cells; the cells of the 
globus pallidus ; the nucleus intercalatus corporis mammillaris, and the substantia 
reticularis hypothalami of the hypothalamus; the magno-cellular portion of the 
red nucleus ; the nucleus of the posterior commissure (Darkeschewitsch ) ; the pars 
reticularis of the substantia nigra, but not the pars compacta; the motor cells of 
the superior colliculus; the motor cells of the reticular formation of the brain- 
stem; the motor nuclei of the cranial nerves; Deiter’s nucleus; and the roof and 
dentate nuclei of the cerebellum. 

In the cerebral cortex specificity for this type of cell is almost absolute, for 
apart from the lesions of the Betz cells only a few smaller pyramidal cells of the 
third lamina were affected. The granule cells were never affected. 

In the cerebellum a similar specificity was shown since the brunt of the patho- 
logical process was borne by the nucleus fastigius ; the Purkinje cells, on the other 
hand, were never involved. It is curious, however, that the dentate nucleus was 
only mildly affected, for it contains motor cells similar to those of the nucleus 
fastigius. 

From histological knowledge one would have predicted marked lesions in the 
globus pallidus. The results show that here the cells, contrary to the findings in 
the experimental disease, were always free from lesions. 

According to Malone the pigmented portion of the substantia nigra (that is, 
the pars compacta) does not contain cells of the motor type. Yet death of nerve 
cells was common here, and uncommon in the non-pigmented pars reticularis con- 
taining motor cells. This was also the experience of Horanyi-Hechst, who sug- 
gests that the involvement of the pars compacta is due to the presence of melanin. 
He points out that the pigmented cells of the locus coeruleus which likewise con- 
tain melanin, were also involved. 

So far then as the globus pallidus and the substantia nigra in human polio- 
myelitis are concerned, the motor cells are apparently not very susceptible to the 
virus. Similar findings were noted in the hypothalamus of these cases. 

The nucleus of Darkeschewitsch was involved in the one case in which it was 
examined. Horanyi-Hechst found that this nucleus was injured in half of his 
cases, so that evidently it is susceptible to the virus. 

The magno-cellular portion of the red nucleus did not appear in my sections. 
From the findings of others it appears that this nucleus may sometimes be involved, 
but not often. (Stiefler and Schenk, Horanyi-Hechst, Kérnyey (1933b).) 

In my cases the motor cells of the superior colliculi were mildly involved in 
three of the six cases, the motor cells of the reticular formation and of the nuclei 
of the cranial nerves showed occasional and variable involvement, while Deiter’s 
nucleus was regularly and severely involved. 

As a general rule the motor nuclei of the brain-stem were more regularly and 
more severely affected than the sensory nuclei, except for the pigmented cells of 
the locus coeruleus. 
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Kino (1928), from a study of two cases, maintains that there is selective affi- 
nity of the virus for the motor nuclei of the brain-stem. Horanyi-Hechst found 
this only in three of his 28 cases. Kérnyey, from an extensive study of both human 
and monkey poliomyelitis, can find no evidence of selective affinity in the brain- 
stem. Possibly the difference in these results is dependent on the strain of the 
virus. 

It is clear that there is no absolute specificity of the virus for cells of the motor 
type in the cranial part of the nervous system, except perhaps in the cerebral cor- 
tex and the cerebellum. But neither is it absolute in the spinal cord, for though 
the brunt of the pathological process is borne by the anterior horn cells, occasional 
eells of Clarke’s column and of the posterior root ganglia are also affected. At the 
same time it may be said that cells of the motor type are more often and more 
severely affected than any others. 





(2) The Portal of Entry of the Virus. 


(a) The Olfactory Route. Since the hypothesis was originally propounded 
by Flexner and Lewis (1910), it has been widely accepted that the virus of polio- 
myelitis reaches the central nervous system from the nasopharyngeal mucosa by 
passage along the filaments of the olfactory nerves to the olfactory lobes of the 
brain, and thence to the medulla and the spinal cord. 

In the cases here reported, apart from a small poliomyelitie foeus in the cornu 
Ammonis of one, and the involvement of the anterior perforated substance in four, 
lesions in the rhinencephalon were absent. As was pointed out, the infiltration of 
the anterior perforated substance can be explained on other grounds. 

In the four cases in which they were examined, the olfactory bulbs were free 
from pathological change. This was the experience of Horanyi-Hechst in 15 cases, 
of Harmon (1937) in nine eases, and of Harbitz and Scheel (1907) and Stillerman 
and Fischer (1938) each in one case. Robertson (1938), in his study of the olfac- 
tory bulbs obtained from eleven cases in the recent Victorian epidemic, found in- 
flammatory changes in only one of them; even here there was no indication that 
the reaction was certainly due to poliomyelitis. Landon and Smith (1934) found 
characteristic inflammatory changes in less than a quarter of 56 olfactory bulbs, 
obtained from 81 cases of the disease. They suggested three possible explanations : 
First, that the inflammatory changes, unlike those elsewhere in the nervous system, 
might be extremely short-lived; second, that the virus might pass through the 
olfactory bulb without leaving traces of its passage; third, that the olfactory path- 
way in human beings is not necessarily as frequent a route of entry of the virus as 
is commonly held. Of the three possible explanations they were in favour of the 
third, and suggested that nerve roots elsewhere are equally important portals of 
entry. 

It is well known that the virus of poliomyelitis can pass along peripheral 
nerves without giving rise to inflammatory or degenerative changes. We might 
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accept this explanation also for the olfactory bulbs if it were not that it is in direct 
contradiction to the results obtained in the experimental animal. Sabin and 
Olitsky (1937) examined the olfactory bulbs of 18 monkeys inoculated with the 
virus intranasally. In all of them they found characteristic infiltrative changes 
of the outer layers of the olfactory bulbs, associated with necrosis and neuro- 
nophagia of the mitral cells. In 13 further monkeys infected by the intracerebral, 
subcutaneous, intraocular and intrasciatie routes respectively, with one doubtful 
exception, no lesions were detected in the olfactory bulbs. It will be seen, there- 
fore, that in the monkey the olfactory bulbs act as reliable indicators of the portal 
of entry of the virus. 

When one considers the close resemblance of the lesions in man and the mon- 
key elsewhere in the central nervous system, it seems unlikely that the virus could 
pass by way of the olfactory nerves in man without producing changes in the ol- 
factory bulbs similar to those found in the monkey. Yet apart from the small 
number of positive cases described by Landon and Smith, the results are uniformly 
negative. One is driven to the conclusion either that infection by the olfactory 
route in man is much less common than was formerly thought, or that olfactory in- 
fection is not commonly fatal. Burnet’s work (1936) on louping-ill in the rat 
suggested to him that the latter alternative accounted for immunization of the 
average child infected with poliomyelitis. 

(b) The Tonsillo-Pharyngeal Route. Sinee 1928, over 46 eases of polio- 
myelitis following tonsillectomy have been reported. Of these, at least 35 were 
bulbar in type. The cases reported include those of Ayer (1928), Ayeoek and 
Luther (1929), Silverman (1931), Fischer and Stillerman (1937), Stillerman and 
Fischer (1938), Eley and Flake (1938), Anderson and Dixon (1938), Culley 
(1938) and Koskoff, Amschel and Lebeau (1939). 

The comments of Stillerman and Fischer (1938) in their recent paper are 
very much to the point. ‘‘The extirpation of the tonsils and adenoids removes a 
protective barrier, and may provide sufficient trauma to the regional nerves to 
permit the passage into the central nervous system of the virus, which might not 
otherwise have entered.’’ These authors go on to point out that the nerves from 
the tonsillar and pharyngeal walls have their nuclei in the bulb. From this the 
occurrence of the bulbar type of poliomyelitis, when infection takes place by the 
tonsillo-pharyngeal route, is readily explained. 

From the experimental aspect Sabin (1938) has found that when the virus 
of poliomyelitis is injected into the tonsillo-pharyngeal region of Macaca mulatta, 
the disease is, almost without exception, bulbar or bulbo-spinal in type. From 
these results, however, we have no evidence that the virus is capable of penetrating 
the intact mucous membrane of the tonsillo-pharyngeal region. Sabin points out 
that the disease fails to develop following nasal instillation of the virus in Macaca 
mulatta whose olfactory pathways have been interrupted, despite the fact that 
most of the virus runs down into the pharynx. On the other hand, Burnet (1939) 
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has succeeded with Macaca irus (cynomolgus). Through his kindness I am per- 
mitted to quote from the as yet unpublished results of his experiments.* He says: 
‘*Our experiments on infecting Macaca cynomolgus with poliomyelitis virus (local 
strain) by pharyngeal swabbing have so far given seven positive results. Three 
of these showed primary bulbar symptoms, aphonia and/or facial paralysis, two 
others showed prostration without initial localizing symptoms, while the other two 
had initial paralyses of the hind legs. Since following intracerebral or intraocular 
inoculation in these monkeys we never see primary lower limb paralyses, we are 
inclined to think that the last two animals were infected through the intestine 
after swallowing the virus. With two exceptions, all these monkeys had previously 
been treated intranasally with zine sulphate.’’ 

The clinical evidence of Scott-Brown (1931) and from the recent Victorian 
epidemic suggests that the virus in man behaves as it does in Macaca irus, i.e. that 
it is capable of penetrating the intact mucous membrane of the tonsillo-pharyngeal 
region. 

(ce) The Gastro-intestinal Route. It is of interest to recall that Biilow-Hansen 
and Harbitz (1898) suggested that the portal of entry of the virus was the gastro- 
intestinal tract, and that their contention was supported by Wickman in 1905. 
This view still has its adherents, notably Kling and Levaditi (1929, 1931, 1933), 
Burrows (1931), Toomey (1933, 1934a, 1934b) and Harmon (1937). On the other 
hand Romer (1911), and later Fairbrother and Hurst (1930), have pointed out 
that in a high percentage of monkeys inoculated with virus intracerebrally, the 
initial palsy was in the lower limbs. From this Fairbrother and Hurst have main- 
tained that initial palsy of the lower limbs is not necessarily to be taken as an in- 
dication of infection through the gastro-intestinal portal of entry. Burnet (1939) 
is inelined to think that primary lower limb palsy in Macaca trus is an indication 
of infection by the gastro-intestinal route, for the reasons which have already been 
given in his communication. With this conflict of results the position must be re- 
garded as uncertain. 

Flexner (1936) in a recent paper has reviewed the experimental evidence for 
the gastro-intestinal portal of entry, and has repeated the experiments of Kling 
and Levaditi. He has been unable to confirm them. He discounts the results of 
Toomey on account of their severe and artificial character, which ‘‘cannot be re- 
garded as simulating a natural mode of infection’’. He concludes that the olfae- 
tory nerves are the only proved portal of entry. Demme (1930) has succeeded in 
infeeting a monkey by the gastro-intestinal route, after premedication with sapo- 
nin. He considers that the latter mimics the preliminary febrile infection which 
often oceurs in poliomyelitis, and which is later followed by paralysis. Flexner’s 
negative results may be due to the fact that there was no preliminary injury to the 
mucous membrane. 





3 Editor’s Note. The reader’s attention is drawn to the paper by Burnet, Jackson and 
Graeme Robertson on p. 375 of this volume. 
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It appears probable that infection with the virus of poliomyelitis is possible 
by all three routes in monkeys. In man infection through the olfactory nerves 
occurs, but is either less common than was formerly thought or the virus is localized 
here and immunization results. Cases with initial bulbar palsy are probably due 
to infection by the tonsillo-pharyngeal route. It would be possible for cases with 
initial palsy in the lower limbs to be due to infection through the gastro-intestinal 
route, but the evidence is conflicting and is based mainly on experimental work 
which has no counterpart in human infection. Stillerman and Fischer (1938) 
have referred to the work of Leake (1935), who has found that, in paralysis de- 
veloping after the inoculation of poliomyelitis virus, the level of the spinal cord 
first affected corresponds to the extremity inoculated, so that if gastro-intestinal 
infection occurred the legs would be first affected. At the moment, however, there 
is no fully conclusive evidence of infection by this route. 

The three portals of entry already mentioned are probably not the only ones. 
In as yet unpublished results I have succeeded in infecting a Macaca mulatta mon- 
key through the intact conjunctiva, after preliminary cauterizatien of the lacrimal 
punctae, and, to make doubly sure, spraying of the nose with saturated picrie acid. 
A second experiment failed to confirm this result. The positive result, however, 
is interesting in view of the reports of conjunctivitis in some epidemics. 

The portals of entry of the virus in the cases described in this paper cannot be 
determined definitely. Cases 1 and 5 with initial bulbar palsy probably resulted 
from infection by the virus through the tonsillo-pharyngeal route. One would 
conclude that Cases 4, 5, 6 and 7 were infected by other than the olfactory route, 
because of the absence of lesions in the olfactory bulbs. It would be unwise to offer 
any suggestions in regard to the remainder of the cases in view of the conflicting 
experimental evidence at our disposal. 


SUMMARY. 


Examination of the central nervous system of eight cases of poliomyelitis by 
routine neuro-histological methods led to the following conclusions : 

The distribution of the meningeal infiltration is modified by the flow of the 
cerebro-spinal fluid. 

Necrosis of nerve cells in the cerebral cortex is confined to the area giganto- 
pyramidalis, and almost entirely to the Betz cells of that area. 

The rhinenecephalon (including the olfactory bulbs) was surprisingly little 
involved, lesions oceurring only in the anterior perforated substance and in one 
instance in the cornu Ammonis. 

Evidence for the process of neuronophagocytosis was seen in the case of the 
pigmented cells of the locus coeruleus. 

Selective affinity of the virus for cells of the motor type is not absolute except 
perhaps in the cerebral cortex and the cerebellum. Nevertheless motor cells are 
more often and more severely involved than sensory cells. 
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It is suggested that the medial longitudinal bundle is an important path for 
the spread of the pathological process. 

Infection by the virus of poliomyelitis by the olfactory route is either less 
common than was formerly thought, or is not commonly fatal, i.e. the virus is 
localized in the olfactory bulbs, and immunization takes place. 

Cases with initial bulbar palsy probably result from infection by the tonsilio- 
pharyngeal route. 

There is no fully conclusive evidence for infection by the virus by the gastro- 
intestinal route in man. 
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THE OXYGEN-CARBON DIOXIDE EXCHANGE 
OF A SILVERFISH 


by 


EDER LINDSAY 


(School of Agriculture, University of Melbourne). 
(Submitted for publication 22nd July, 1939.) 


INTRODUCTION. 


The measurement of the respiratory exchange of individual silverfish involved 
the parallel determination of very small amounts of carbon dioxide and oxygen. 
Other workers dealing with similar problems have calculated the respiration from 
periodic readings of one of the gases only, but Fenn (1927) developed a method 
for the simultaneous determination of carbon dioxide and oxygen exchange of a 
piece of muscle tissue. The method depended on the diffusion of the carbon di- 
oxide into a solution of barium hydroxide in the bottom of the respiration chamber. 
The amount absorbed was determined from the change in conductivity of the solu- 
tion. The oxygen was measured by the movement of an index drop between the 
respiration chamber and a compensating bulb. 

The value of the method seems to be limited by the rate of diffusion of the 
earbon dioxide into the barium hydroxide, and tests made on the rate of absorp- 
tion showed that it took 1} hours to absorb the carbon dioxide from the air enclosed 
in a respiratory chamber of 30 ¢.c. capacity in which the surface area of the 
barium hydroxide was 7 em?. In subsequent experiments, Fenn’s method was 
modified by using a pump to drive the air through the barium hydroxide, so that 
all the carbon dioxide in the vessei was absorbed in less than 10 minutes. 


APPARATUS. 

The apparatus (Figs. 1 and 2) consists essentially of a respiration chamber and a com- 
penseting bulb of approximately the same volume, viz. approx. 20 ¢.c., connected by a graduated 
capillary tube. Air is driven, at the rate of about 6 ¢.c. per minute, over the insect and through 
the barium hydroxide, by the piston which is worked by an electro magnet. 

The travel of the piston was adjusted so that a bubble of air was forced through the liquid 
at each stroke. The metal piston must be such a tight fit that it will drive the air through the 
liquid, and any slight twist in the glass tubing will make it jam. Too great a travel of the 
piston forces the liquid into the insect chamber during the return stroke, and makes the bubble 
so big that splashes occur as it breaks. 

The electrical circuit is shown in Fig. 3. This was adjusted to give a rapid piston stroke 
without oscillation. 
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The electrodes were lightly platinized until the minimum sound was obtained at the balance 
point of the conductivity bridge. It was sufficient to continue the platinizing current for one 
minute, reversing the direction every ten seconds. The electrodes were cleaned in concentrated 
hydrochloric acid between tests to remove the flakes of barium carbonate. 

Under the moist conditions inside the apparatus, gasket cement was the only adhesive which 
was found to be suitable for attaching the paper valve to the metal piston. 

Various liquids including mercury, xylol, light lubricating oil, glycerine, and water were 
ased for the indicator bubble, but a petroleum fraction, ‘‘ White Spirit’’, was found most satis- 
factory. 





Fig. 1. Respiration Apparatus. 


It is worth emphasizing that care must be taken to ensure that the capillary tube is clean, 
and completely wet by the petroleum before the experiment commences so that the bubble moves 
to its true position. The barium hydroxide must be protected from contamination from the glass 
vessel in which it is stored, or from other sources. Incorrect readings resulting from either of 
these defects are not immediately apparent because of the variability of the insects. 


Calculations. 


Carbon dioxide. The change in conductivity of the barium hydroxide was measured by means 
of a conductivity bridge, which was calibrated against standard resistances. 

The cell constant was determined with 0-01 N potassium chloride, and found to be 0-740 
(Jones and Bradshaw, 1933). 

The amount of carbon dioxide absorbed was caleulated from the change in the specific 
conductivity of the barium hydroxide by the following method: 

The specific conductivities (K) of barium hydroxide solutions of from 0-01 N to 0-005 N 
were calculated from data of normality and equivalent conductivity given in Landolt-Bornstein. 
The changes in normality (N) corresponding to various changes in specific conductivity were 
ealeulated and then converted to cubic millimeters of carbon dioxide. Applying this to the volume 

. ‘ _ AK __ 8-924 x 107° 
of barium hydroxide used (3.684 ¢.c.), various values for the expression AN x lo xX 3-684 


were plotted against the specific conductivity. The amount of carbon dioxide produced was then 
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found by dividing the change in specific conductivity for the period by the mean change in 
conductivity per ¢.mm. of carbon dioxide for that period. 

Tae graph was calculated for each of the four temperatures, viz., 18°, 25°, 28°, and 38°C. 
Since no data were available for temperatures of 28° and 38°, the normality and equivalent con- 
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Fig. 2. Scale Diagram of Respiration Apparatus. 
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Fig. 3. Circuit Diagram of Connections of Pump. 


ductivity figures were calculated by interpolation from results at other temperatures; and, at 
28°C. also by extrapolation from determinations on more concentrated solutions, 
Oxygen, 


The amount of oxygen consumed was caleulated from the movement of the index bubble and 
converted to volume at normal temperature and pressure. 
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When oxygen was removed, the volume of air in the compensating chamber changed from 
v, at the original pressure p to v, + Av at the reduced pressure p!, 
but p.v, = p! (v. + Av) 


PV, 


v. + AY 
In the respiration chamber the air over the dilute barium hydroxide is saturated with water 
vapour, and the change in volume is due partly to the amount of water vapour which condenses as 
the volume is decreased. 


pi == 


P = Pa + Pw Where py and p, are the partial pressures of water vapour and dry air respectively. 
-". PV, = PaVy + PwYr- Vy = Volume of air in respiration chamber. 

At the end of the period the pressure is reduced to p!, i.e. pl (v, — Av) = py! (v, — Av) 
+ pw(v,— Av) but p,! (v,— Av) = pV where V=the new volume of dry air at the 
‘ PV, , . : , 
sé aa Se — A) pV + Pw (Vv, — Av) from which v,— V= 

v, + AV 
y Pw (v, —Av) 
Pa (Vv. + Av) 

The volumes v, and v, were measured by the weight of mercury necessary to fill the chambers. 
This weight for the respiration chamber was corrected for the volumes of the barium hydroxide, 
insect (calculated from length and breadth) and container, pump and glass bulb. The volume 
of the capillary tube was determined from the length of a known volume of mercury. A piece of 


original pressure, p. 


uniform bore was selected, its capacity being 0-7113 c.mm. per mm. Allowance was made for the 
reduction in the volume of the bere by the petroleum film, by measuring the decrease in length 
of the bubble during its travel along the tube. This correction reduced the capacity of the 
capillary tube to 0-7004 ¢.mm. per mm. 

The oxygen consumption was first calculated directly from the travel of the bubble, and 
then corrected for water vapour condensation (about 1 p.c.) and reduced to N.T.P. (about 10 p.c. 
reduction). 

The thermal expansion of the apparatus at the four temperatures was calculated, and in 
volved an appreciable correction only at 38°C. 


Throughout each experiment, the temperature was kept constant to within + 0-01°C. 


PROCEDURE. 


The insect, held in an envelope of copper gauze of 1 mm. mesh, was quickly 
inserted into the chamber. The apparatus was immersed in the water bath with 
the two taps open to the air. The three-way tap was then closed and the pump 
run for one hour while the apparatus and the insect reached the temperature of 
the bath. The pump was then stopped and the caps and taps worked well into 
position. The three-way tap was opened for about three minutes, and then both 
taps were set, closing the apparatus to the air and connecting the two chambers. 
The position of the bubble was read, the three-way tap closed, and the pump 
started. A preliminary setting was made 15 minutes later, but all the subsequent 
readings were made at intervals of 30 minutes. The pump was stopped while the 
measurements were being made. The connection between the respiratory chamber 
and the graduated tube was slowly opened, and in 5 to 10 minutes the bubble had 
ceased to move quickly. 
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Preliminary experiments showed that a large amount of carbon dioxide (such 
as that produced by a silverfish during 12 hours in still air) was removed by 10 to 
15 minutes’ pumping. It was therefore assumed that the carbon dioxide did not 
accumulate around the insect and that there was no lag in the readings. It was 
further assumed that the final steady position of the bubble indicated the oxygen 
consumption at the time of measurement of the carbon dioxide, although from 5 to 
10 minutes elapsed between the two measurements. 

The silverfish did not appear to be affected either by the small reduction in 
pressure (about 1 part in 1800) which resulted from the removal of the carbon 
dioxide or by the movement of the air, i.e. they did not continue to move about in 
the containers nor did they remain in one particular position in relation to the 
direction of the air current. 

The barium hydroxide was used until its conductivity was reduced to 
3 xX 10-4 mho. The position of the bubble was adjusted when necessary by open- 
ing both taps. 

Accuracy. The conductivity bridge could be set to within 2 X 10~mho, which corresponds to 
0-4 ¢.mm. carbon dioxide, and the position of the bubble could be determined to within 0-1 mm, 
which corresponds to 0-1 ¢.mm. of oxygen. 

For most of the tests, adult insects, early in the stadium, were used. These had been kept 
in captivity at 25°C. and fed on paper and ground wheat and yeast for at least nine months. They 
were introduced into the copper envelope through a tapering glass funnel, and usually remained 
quite still after moving to the narrowest part of the envelope. A rather larger container was 
used for the tests during ecdysis to permit the insect to move free of its cast skin. 

Usuaily the rate of respiration was constant over the test period of four hours and a com- 
parison of this rate in insects which had been subjected to special treatment showed interesting 
differences. 

Several tests continued over periods of two days, showed that the confined conditions caused 
a lowering of respiration rates, and in the later part of the second day the rate of carbon dioxide 
production decreased by from 6 p.c. to 20 p.c. of the rate at the beginning of the test. 

During the four-hour periods the insects lost weight to the extent of from 1 to 3 mg. This 
was partly due to antennae and cerci being broken during the manipulation. 

Most of the tests were made at 28°C. and the results from some of these tests are discussed. 
The results were confirmed by extensive tests at other temperatures. 


The Respiration of Silverfish under Particular Conditions. Respiration of Normal 
Silverfish. 


Individual silverfish showed considerable variation both in their rates of re- 
spiration and in their respiratory quotients (Table 1), but successive tests on a 
single individual after an interval of one day gave very nearly the same results 


(Table 2). 


Effect of Size. 


The rate of oxygen consumption depended to some extent on the weight of the 
insect. (Table 1: See also discussion in later section.) Several tests on young 
nymphs showed a relatively greater rate of carbon dioxide production. 
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Effect of Sex. 


Both male and female insects were used. A comparison of insects of the two 
sexes of the same weight showed that the rate of oxygen consumption was higher 
for the females than for the males, e.g. Nos. 16 and 17 and Nos. 11 and 9 (Table 1). 


TABLE 1. 


Rate of Oxygen Consumption, and Carbon Dioxide Production of Individual 


7 


Silverfish, Male and Female, Early and Late in the Stadium. 


Weight Oy CO. 


No. Stage in Stadium. Sex. mg. ~¢.mm./hr. R.Q. 

1 6 days before ecdysis female 49-6 “( il- -69 
16 Mid stadium " 27-1 3+f . -63 
20 = 1day before ecdysis 17-8 7 ‘ -50 


9 6 days before ecdysis male 32+: 
mw + s a ‘ 30- 
17 Mid stadium a 28-6 
14 22- 


11 Stadium 4 days female 34- 
3 31- 


1 30- 
3 28- 
2 


oom ss) 


1 


ium 7 days 
” 


0 O 


= 
ie 


Se » 20- 


mI to 
uns 


TABLE 2. 
Repetition of Readings on the Same Individual. 
Weight Oz CO. 
History. mg. ¢.mm./hr, 


Early stadium male 25-2 9-9 
4 days later 22-6 9-6 


Effect of Period of Stadium. 


Silverfish continue to moult after they reach sexual maturity. Each adult 
stadium lasts 40 to 60 days at 25° C. The insects feed only during the first three- 
quarters of the stadium. During the remainder of the period before moulting they 
presumably utilize their stored fat. The average fat content of 75 insects was 
20 p.c. of the dry weight, but individuals showed considerable variation. There 
was some evidence that the fat content was lower by from 2 to 3 p.c. late in the 
stadium. 

The respiratory quotient was lower late in the stadium (Tables 1 and 3). 
There was some evidence that the rate of respiration increased immediately after 
the moult and before feeding (Fig. 3) ; but measurements taken over the period 
from the appearance of the dint in the prothorax until four hours after eedysis 
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showed a regular rate over the whole period, except for a small fall in carbon di- 
oxide production during the half-hour preceding the moult (Fig. 4). 

The process of moulting from the time the tip of the abdomen starts to move 
forward inside the skin, until the new instar is free takes about half an hour. 
During the last ten minutes the insect moves more quickly. The head is turned 
under, and the old skin cracks along the mid-dorsal line of the thorax and along 
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Fig. 4. Measurement of oxygen-carbon dioxide exchange of one silverfish during the period 
of eedysis. 
A. Respiration 8 hours before ecdysis. 
B. Respiration during ecdysis. The insect moved free of the skin at M. 
The two lower curves refer to carbon dioxide, the upper curves to oxygen. 


the epicranial suture. But all this activity did not result in a higher rate of re- 
spiration. Under the conditions of the experiment the insects had just enough 
space to bend, so that they could get free of the skin. After moulting they always 
immediately turned into the reverse position (as they did when moulting in a large 
space), and remained still for the rest of the test. 
Effect of Feeding. 

The respiration of an insect early in the stadium was measured after starving 
for three days, and again after two days’ feeding. After feeding, the respiratory 
quotient and the rate of oxygen consumption were higher (Table 4). 
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Effect of Time of Day. 


Silverfish are nocturnal, and even under experimental conditions show greater 
activity at night. It was expected that their rate of respiration would then be 
higher, but several successive tests on individuals during the day and during the 
period from 7 to 11 p.m. showed a rather higher rate during the day (Table 5). 


Effect of Desiccation. 


Silverfish lose water rapidly in dry conditions, and at 25° C. live for only 
five to nine days. Although fed during this time, tests on insects which had been 
several days in dry air showed a lower respiratory quotient, and usually a lower 
rate of oxygen consumption (Table 6). 

The lowering of the respiratory rate may have been due to the increase in 
viscosity of the protoplasm which must have resulted from the loss of, on the 
average, 44 p.c. of the body fluids, during the period of desiccation (Belehradek, 
1930). Part of this loss was made up by the water absorbed during the test period. 


TABLE 3. 


Effect of Ecdysis on Respiration, 


Initial Final On COs 
Wt. Wt. History e.mm./hr. R.Q. 
Female 
17-8 20 hours before mou!t 8-7 4-3 -50 
2 =, preceding moult 7-8 5-6 -69 
15-7 34 ,, following _,, 7-1 5- -76 
Male 
30-1 12 hours before moult 10-1 6-7 -67 
25-0 1 ,, following ,, 12-5 10-2 “82 
TABLE 4, 
Effect of Feeding on Respiration. 
Weight. Oo» CO. 
History. mg. e.mm./hr. R.Q. 
6 days after moult 32-2 11-5 8-9 77 
After moult and starving for 3 days 32-0 11-4 5-7 50 
After feeding 2 days 35-0 17-0 14-3 -84 


The low values may also have been caused by some derangement of the in- 
sect’s powers of adjustment to external conditions. Previous measurements of 
the amount of food eaten and of the loss of dry weight of insects held in air of 
various humidities, showed that in air of more than 52 p.c. R.H. sufficient food 
was consumed to replace the water lost by evaporation, and the dry weight of the 
insect did not decrease. But in air drier than this there was a relatively greater 
loss of weight, not all of which was replaced from the food, and both the water econ- 
tent of the body and the dry weight decreased, i.e. the stored materials in the 
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tissues were depleted in an attempt to replace the water loss. The use of fats for 
this purpose would automatically lower the respiratory quotient. 


Effect of Temperature. 


Tests were carried out at four different temperatures, viz. 18°, 25°, 28°, and 
38° C. A typical set of results for one insect is shown in Table 7. The rates of re- 
spiration increased with increasing temperatures, but not in the proportion of 
doubling for each 10° rise in temperature as had been found for Calliphora larvae 
(Kozhantshikov, 1938). 


TABLE 5. 
Effect of Time of Day on Respiration. 
Weight. O» CO. 
History. mg. ¢.mm./hr, R.Q. 
Started 7 p.m. 27-1 13-9 8-7 -63 
Started 2 p.m. 26-9 15-9 10-71 67 


TABLE 6. 
Effect of Desiccation on Respiration. 


Loss Gain 

of weight 
Length weight during 
of desic- during _ test 


Weight. cation. desice. period. Ov COs Subsequent 
Sex. mg. hours. mg. mg. ¢.mm./hr. R.Q. History. 

Female 28-5 13-3 15-3 1-15 

161 7-5 1-8 12-8 8-6 -67 Recovered. 
Female 27-8 11-5 13-9 1-21 

144 9-3 0-2 10-0 6-2 -62 Recovered. 
Female 31-1 16-6 17-1 1-03 

165 10-8 0-3 11-2 8-4 -72 Dead next day. 
Male 20-1 9-0 10-5 1-17 

139 5-2 — 10-8 6-3 -58 Recovered. 
Male 22-7 8-1 6-7 -83 

1143 8-8 — 11-3 8-7 -77 Dead 2 hours later. 

TABLE 7. 


Effect of Temperature on Respiration. 


Temperature Oo CQ. 
Weight. “Ss ¢.mm./hr. R.Q. 
29-1 18 4-9 3-2 -64 
25 5+7 5-3 91 
28 7-6 7-2 95 
38 18-4 15-4 84 
DISCUSSION. 


A review of the literature showed that very little consideration has been 
given to the behaviour of insects at different times in the stadium. The respiration 
of the silverfish varied as would be expected from its feeding habits, the respira- 
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tory quotient being low during the later part of the stadium when the stored fat 
was being utilized. 

In a recent paper, Ellenby (1938) discusses the difficulties of comparing the 
respiration of insects of different weight, and concludes that the oxygen consumed 
per gram live weight is higher for the larger individuals. In the case of the silver- 
fish the larger individuals were found to have a higher oxygen consumption, but 
this was not always in direct proportion to their weight ; so that comparable figures 
for different insects could not be obtained from calculation of the oxygen consump- 
tion per gram live weight, or per three-fourths power of the live weight. 

Although the effect of humidity on the length of life of many insects has been 
studied, few investigations had included measurements of the metabolism. Bel- 
lucei (1939) found that the metabolism of starved Japanese beetle larvae decreased 
during desiccation, but this decrease was the result of the starvation and not the 
decrease in water content. As far as the available data will permit comparison, 
the decrease in the oxygen consumption of these larvae following starvation ap- 
peared greater than for the silverfish. 


SUMMARY. 


A method for the parallel determination of the carbon dioxide and oxygen 
exchange of individual insects is described. 

The relation of oxygen consumption to size and sex of insect and to tempera- 
ture is tabulated. 

Measurements at intervals during the stadium showed a higher respiratory 
quotient during the earlier part of the stadium, when the insect is feeding, than 
during the later part when the stored fats are being used. 

After silverfish have been partly desiccated both their rate of oxygen con- 
sumption and their respiratory quotient are low. 
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F. M. BURNET, A. V. JACKSON anv E. GRAEME ROBERTSON? 


(From the Walter and Eliza Hall Institute, Melbourne). 
(Submitted for publication 11th September, 1939.) 


Practically all experimental workers on poliomyelitis have used rhesus mon- 
keys as routine experimental animals. There are occasional reports on tests made 
to determine the susceptibility of other species of monkey, and amongst these are 
three statements that Macacus cynomolgus (Macaca irus) is more susceptible to 
the virus than M. rhesus (Macaca mulatto). Thomsen (1912) found that smaller 
doses would infect intracerebrally, and Levaditi, Kling and Lépine (1931) that 
eynomolgus, unlike rhesus, could be infected by the gastro-intestinal route. This 
was confirmed for a single animal by Saddington (1932), but not by Clark, 
Roberts and Preston (1932). Flexner (1936) has reviewed these findings and 
reported more extensive experiments carried out at the Rockefeller Institute over 
the period 1929-35. He gives details of eleven cynomolgus monkeys which were 
given relatively enormous amounts of ‘‘M.V.’’ strain virus by mouth or through 
stomach tube. Of these, only one (the animal reported on by Saddington, 1932) 
developed poliomyelitis. The others were subsequently tested and shown, with 
one exception, to be fully susceptible to infection with the same virus by the nasal 
route. Flexner states that ‘‘we do not find M. cynomolgus and rhesus to differ in 
any essential way in their response to the presence of the virus of poliomyelitis in 
the body’’. In a very recent paper, Vignec, Paul and Trask (1939) record two 
infections of M. cynomolgus and the related or identical M. mordaz with a virus 
isolated from the faeces of a patient with abortive poliomyelitis. 

Our own experiments were started more or less accidentally. Owing to the 
existence of a close season of six months during which M. rhesus may not be ex- 
ported from India, we obtained a cargo of M. cynomolgus from Singapore. The 
first series of experiments with this batch of monkeys gave very promising results. 
They appeared to be equally susceptible to both a monkey-adapted strain (Rocke- 
feller Institute ‘‘M.V.’’) and the recently isolated local strain ‘‘Mar’’. Infection 
by any route was invariably fatal, and the cord taken from a prostrate cynomolgus 
contained a higher concentration of virus than similar material from a prostrate 


1 Work carried out under grant for poliomyelitis research from the National Health and 
Medical Research Council. 
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rhesus. Histological sections of spinal cords from prostrate animals showed typi- 
cal intense changes. A considerable number of experiments were carried out be- 
fore we realized that there were important disadvantages in using this species. 
Cynomolgus monkeys are less robust than rhesus, and we have found them rather 
liable to die from some undetermined cause a few days after any form of inocula- 
tion. It is characteristic of poliomyelitis in the cynomolgus that there is often only 
a very short interval between the first symptoms and complete prostration, and it 
is not uncommon for an animal to be found prostrate in the morning without hav- 
ing shown any recognizable symptoms on the previous day. In the early stages of 
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Fig. 1. Temperature charts of three cynomolgus monkeys inoculated intracerebrally with 
**Mar’’ virus. Tr. = tremor; Pr. = prostration. 


the work we did not have histological sections made from all the monkeys used in 
routine titration of virus and serum, and in the light of subsequent experience it 
is probable that some monkeys recorded as dying specifically may have died owing 
to non-specific causes. All the protocols contained in this paper have, however, 
been carefully scrutinized from this point of view, and any infections about which 
there could be any doubt as to their specificity have been indicated by figures in 
parentheses. 


1. Susceptibility to the Local Strain ‘‘Mar’’. 


The strain ‘‘Mar’’ was obtained from the spinal cord of a child dying of 
poliomyelitis in Launceston, Tasmania, in November, 1937. It had been passaged 
through seven series of rhesus monkeys before being transferred to the cynomolgus 
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species. Three of these latter monkeys were inoculated intracerebrally with the 
seventh rhesus passage material, and became prostrate on the sixth, seventh and 
tenth days respectively. The temperature charts of these three animals are shown 
in Fig. 1. The sharp temperature rise appears as a rule immediately preceding 
paralysis and, as in two of these examples, lasts only one day, the animal being 
prostrate with subnormal temperature on the following morning. In monkeys 
201 and 203, tremor was noted at the time the temperature was raised, but pros- 
tration the day following the temperature rise was the first symptom observed 
with monkey 202. 

The cords from these were stored in glycerol-Ringer according to the method 
described in a previous paper, and used as stock virus ‘‘ Mar 8’’ for the first series 
of experiments. Table 1 shows the result of inoculating serial dilutions of this 
virus intraocularly in rhesus and cynomolgus monkeys. Both the eynomolgus 
monkeys inoculated with the 1: 2,000 dilution showed the typical sharp tempera- 
ture rise one or two days before prostration, with tremor and in one case weakness 
of the left leg. The cords were not sectioned, but the infections were undoubtedly 
specific. A test of the same stock virus made at the conclusion of our experiments 
nearly a year later showed that it was still capable of infecting cynomolgus mon- 
keys intraocularly when diluted 1:100. Both the monkeys inoculated became 
prostrate after showing definite premonitory signs (ptosis and tremor of the legs 
respectively) at the tenth and eighteenth days after inoculation. 


TABLE 1. 


Comparative Intraocular Titration of ‘‘Mar’’ (Cynomolgus Virus). 


V. rhesus Undiluted +8, +9 1:100: 8,8 
M. cynomolgus 1:2: t8, +10 1: 20: +8, +16 1: 200: - & +8 1: 2000: +10, +11 
78 = Typically prostrate eight days after inoculation. 
+8 = Typical paralysis eight days after inoculation, not going to complete prostration. 
x = Nonspecific death, due in most instances to tuberculosis. 
S = Survival for 30 days without paralysis. 


The difference in susceptibility was not so striking when intracerebral inocu- 
lation of original human material was studied. Portion of the brain-stem and 
cord from the patient, Mar., from which our local strain was derived, had been 
kept in glycerol saline in a refrigerator for twelve months. A 10 p.c. suspension 
was prepared, centrifuged, and serial dilutions of the supernatant fluid injected 
intracerebrally in rhesus and cynomolgus monkeys. Table 2 shows that this year- 
old material was regularly fatal in a dilution of 1: 100 for M. cynomolgus, while 
one animal died not quite typically with a 1: 1,000 dilution. The rhesus monkeys 
showed infection by 1:10 virus, and one of two had a temperature reaction at 
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1:100. Only one of the five which became infected, however, was completely para- 
lysed, while all the infected cynomolgus monkeys either died or were killed when 
eompletely prostrate. 


TABLE 2. 


Susceptibility of Rhesus and Cynomolgus Monkeys to Intracerebral Inoculation 
with Human Cord Virus ‘‘ Mar’’. 


Dilution of 10 p.c. supernatant fluid. 


Species. Undiluted. 1: 10 1: 1000 
M. rhesus +14, +20 +12, +15 +6, 8S x. B 
M. cynomolgus +10, (+33) *&, ?7*, ti28, t39° (+6),S 

+15 = Typically prostrate fifteen days after inoculation. 
+14 = Typical paralysis fourteen days after inoculation, not going to complete prostration. 
xX = Nonspecific death, due in most instances to tuberculosis. 
+ = Significant temperature rise, usually with tremor, but no paralysis. 
S = Survival for 30 days without paralysis. 
(+) = Death on the day shown without other cause for death being found post mortem, 


but no positive evidence that death was due to poliomyelitis. 
Histologically typical. 


+ 
I 


The severity of the symptoms may probably be correlated with the fact that 
the cords of prostrate cynomolgus monkeys contain more virus than those of 
rhesus monkeys paralysed by the same strain. A rhesus monkey cord from eighth 
rhesus passage of ‘‘Mar’’ gave a stock emulsion which infected only one of two 
eynomolgus monkeys injected intraocularly with 1:2 dilution, and another given 
1:20 dilution showed no symptoms. This may be contrasted with the result in 
Table 1, where similar virus from cynomolgus cords was active in that species at 
least to a dilution of 1: 2,000 given intraocularly. 


Symptoms of Poliomyelitis in Cynomolgus Monkeys. 


As other writers have noted, poliomyelitis infection appears to be a more 
overwhelming one in cynomolgus than in rhesus monkeys, and we have observed 
no recoveries with either strain of virus. After intracerebral or intraocular in- 
oculation some excitability and tremor usually precede paralysis, and at this time 
there is frequently, but by no means invariably, a sharp rise in temperature above 
that normal for the animal (see Fig. 1). There is a considerable variation in the 
normal temperature of different individuals, but for most 101° F. may be taken 
as the standard level. Both temperature rise and premonitory symptoms may be 
missed, and it is quite common for an animal to be found prostrate in the morning 
without premonitory symptoms having been noted on the previous day. Once defi- 
nite paralysis appears it very soon involves all limbs, without, as a rule, producing 
complete paralysis in any. One monkey, which was subsequently shown to have 
typical histological lesions in the spinal cord, showed a gross general ataxia as 
initial symptom. Ptosis can be recognized in about half the infections following 
intraocular injection, but this species normally shows much more of the upper 
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eyelid than rhesus, and one can be certain of ptosis only when it is very marked. 
In the stage of prostration the eyelids are almost completely closed. Our impres- 
sion is that by either of the usual methods of inoculation there is widespread fune- 
tional damage in the brain stem, causing general prostration before the anterior 
horn cells are seriously damaged. Only in a few animals have we seen symptoms 
resembling the characteristic picture of early poliomyelitis in rhesus monkeys, 
in which an excited and active animal has lost most of the power in its lower limbs 
but retains the full use of its arms and the upper part of its body and head. 


Susceptibility of M. Cynomolgus to ‘‘M.V.’’ Strain. 


The strain ‘‘M.V.’’ which has had very many rhesus passages is approxi- 
mately equally virulent for both species of monkey by intraocular inoculation. 
With an emulsion made from material stored for six months the following results 
were obtained in one experiment : 


TABLE 3. 


Intraocular Injection of ‘‘M.V.’’ in Rhesus and Cynomolgus Monkeys. 


Dilution of virus. Rhesus. Cynomolgus. 
1: 10 15, 17 13, 18 
1: 100 s, Ss 8, 8 


The infection is always fatal in eynomolgus, but oeceasionally leaves a survivor 
amongst paralysed rhesus monkeys. <A limited experience suggests that the virus 
content of the central nervous system of prostrate animals is higher than in rhesus 
monkeys. With four stock lots of rhesus ‘‘M.V.’’ virus the following intraocular 
titres were obtained in rhesus monkeys: 


1 1: 100 7,9, 9, 9, 12, 12, 8,8 
2 1: 100 11, 21, 22, 48, 8, S 

3 1: 10 48, 8 

4 1: 10 27, +, 8,8,8 


When these last two unsatisfactory stocks were encountered a stock virus was pre- 
pared from cynomolgus material. This was fully as active as the earlier rhesus 
material, giving by intraocular titration in rhesus: 

1: 100 10, 15, 16, S 

1: 30 7; ta, Be, OS 


The brain stems were also tested, and showed somewhat less virus: 
1: 100 49, S 
1: 10 11, 12 
We may note here that we have encountered six instances in some hundreds 


of infected rhesus monkeys where the incubation period after intraocular inocula- 
tion has exceeded the conventional period of one month. Three of these happen 
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to be included in the above titrations. In all instances the dose given was at the 
limiting active dilution, or was the duplicate of a serum-virus mixture which failed 
to infect other animals. Symptoms, when they did appear, were quite typical. 


Comparative Serum Neutralization Tests in Cynomolgus and Rhesus Monkeys. 


In neutralization tests we were chiefly interested in the behaviour of the local 
strain ‘‘Mar’’, since it was not active enough to give satisfactory results in rhesus 
monkeys when rhesus cord material was used as stock virus. Since cynomolgus 
monkeys were fatally paralysed by the original human cord material we were able 
to use first passage material of this strain as stock virus, and thus eliminate any 
possibility of modification of antigenic structure by passage. This ‘‘Mar Cyn. I”’ 
virus was stored in the refrigerator as a coarse mince in two parts of glycerol- 
Ringer solution, and used as required over the whole series of experiments. This 
material was regularly fatal for cynomolgus monkeys, but did not show as high a 
titre as the virus used in the first experiments, which had undergone several rhesus 
passages. It infected intraocularly at 1:10 but only irregularly at 1:100. It 
was, however, considerably more active against rhesus than ‘‘Mar’’ passaged 
through that species, so that it was possible to make a satisfactory comparison 
between the results of neutralization tests in the two species of monkey. 


TABLE 4. 


Comparative Neutralization Tests with Two Samples of Pooled Human 
Convalescent Serum in Rhesus and Cynomolgus Monkeys. 


Undiluted virus ‘‘ Mar’’ (eyn.) + serum 


dilutions, 

Species. Virus Stock. Route. Serum. S/Undil. 8/5. $/25. $/125. 
M. rhesus **Marl1’’ Intraocular S. 81 - S, S s, S #23. 2:37 
M. cynomolgus a ” - 8,8 8,8 +10, S 
M. rhesus Pe Intracerebral _,, S, +16 S, +10 +10, +10 
M. cynomolgus = Pe ~ S, (+13) 

M. rhesus ‘‘Mar8’’ Intraocular S.82 +6,S8S +5, +5 
M. cynomolgus os 1 . +7, +9 
+10 = Typically prostrate ten days after inoculation. 
+16 = Typical paralysis sixteen days after inoculation, not going to complete prostration. 
+ Significant temperature rise, usually with tremor, but no paralysis. 


S = Survival for 30 days without paralysis 
) = Death on the day shown without other cause for death being found post mortem, 
but no positive evidence that death was due to poliomyelitis. 


Serum 81 described in the preceding paper was chiefly used in these eompara- 
tive experiments, the almost inactive serum 82 being also included, mainly to de- 
termine whether it might contain specific antibody against the homologous virus. 
Both intraocular and intracerebral routes were used. Table 4 shows the results. 
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It will be seen first that the intraocular method shows the same superiority over 
the intracerebral when a different virus strain and a different test animal are used. 
The results should be compared with those obtained on M. rhesus with ‘‘M.V.’’ 
virus, which are shown in Table 2 of the preceding paper. It is difficult to compare 
the absolute amount of virus in preparations from two different strains, but judg- 
ing from the results of titrations in both species, the ‘‘ Mar 1’’ stock was probably 
less concentrated than the ‘‘M.V.’’ stock, which infected with almost complete 
regularity at 1: 100 dilution. The results indicate therefore that the serum 81 
shows a significantly lower, but still substantial, titre in cynomolgus monkeys than 
in rhesus. This is in line with the general finding that the apparent activity of a 
virus-immune serum is greater in more resistant than in more susceptible test 
species. The tests made with serum 82, which are shown in the table, were done 
with the more active ‘‘ Mar 8’’ virus. The absence of activity of this serum against 
‘*Mar’’ was confirmed in a small experiment with ‘‘Mar’’ stock virus from rhesus 
cords. In this experiment, in which only one of two controls with virus diluted 
1: 2 became paralysed, both cynomolgus monkeys injected intraocularly with mix- 
tures of serum 82 and undiluted virus were typically paralysed, the one cord see- 
tioned showing characteristic changes. There is no indication therefore that this 
pooled convalescent serum (see Burnet and Jackson, 1939) contained any more 
antibody against the homologous strain than against the standard ‘‘M.V.’’ virus. 

One may summarize the results as indicating that neutralization tests can be 
readily carried out by the intraocular method in evnomolgus monkeys, the results 
agreeing generally with those obtained in rhesus, but giving somewhat lower values 
for the serum titre. 


Infection of M. Cynomolgus by Methods Not Involving Injection of Virus into 
Nervous Tissues. 


In view of the apparently greater susceptibility of M. cynomolgus to infee- 
tion with poliomyelitis virus, a series of experiments was commenced on the possi- 
bility of infecting animals through the pharyngeal region. Clinicians had com- 
mented on the undue frequency of primary bulbar symptoms in the Victorian 
1937-38 epidemic, and suggested the likelihood that the virus had entered by a 
pharyngeal rather than an olfactory route. 

In our first experiment, two monkeys, C.236 and C.237, were anaesthetized, the mouth forced 
open and tongue pulled forward. A ‘‘diphtheria’’? swab was soaked in the sediment obtained 
after grinding glycerolated cord with quartz powder and broth and rubbed over the tonsillar 
region on both sides, the end being bent so as to allow it to pass round the anterior pillars. No 
precautions were taken to prevent contamination of other parts of the fauces than the tonsils. 
Monkey C.237 on the seventh day showed a well-marked right-sided facial paralysis, and was 
completely prostrate two days later. C.236 showed no symptoms. Portions of olfactory bulb, 
medulla and spinal cord were removed from C.237 and emulsions prepared from these inoculated 
intracerebrally in rhesus monkeys. The monkey receiving olfactory bulb emulsion showed no 
symptoms, that given medulla showed a temperature to 105-6°F. on the sixth day, with tremor but 
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no paralysis, while the lumbar cord gave a temperature of 105-8°F. on the fourth day, followed 
by definite paralysis of the lower limbs. This made it reasonably certain that the virus had not 
entered by the olfactory path, but in the following experiment all monkeys were treated with 
ZnSO, solution intranasally to make certain of this point. The anaesthetized monkeys were held 
in an almost inverted position, so that the 1 p.c. ZnSo4 solution would run down on to the 
olfactory region. About 2 ¢.c. to each nostril were used and allowed to remain in contact for 
10-20 seconds before the excess was allowed to run out of the nostrils by inverting the monkey 
further. The second experiment involved four monkeys so treated, which were swabbed both on 
the tonsils and over the back and sides of the tongue with the same type of material as in the 
first experiment. C.224 was found prostrate on the tenth day without premonitory symptoms. 
Section of the cord showed typical lesions, and well marked changes were present at several 
levels in the brain stem. (C.225 showed a right facial paralysis and a changed voice on the 
thirteenth day, and was prostrate next day; section of the cervical cord showed typical polio- 
myelitis lesions. C.228 and (.236 (previously used) showed no symptoms. 

In the next experiment care was taken to avoid touching the tonsils, the virus being applied 
only to the tongue. It seemed a reasonable hypothesis that the taste buds were a more likely 
point of entry than the tonsillar surface, and it was hoped to obtain evidence of such an entry 
by this means. Four monkeys were used, including the two surviving from the previous experi- 
ment. C.249 showed a sharp change in voice on the tenth day, and was prostrate on the following 
day, sections of the cord showing typical lesions. (€.250 was found prostrate on the seventh 
day, but had been miserable since inoculation, and though no other cause of death was found on 
post mortem examination, sections of the cervical cord showed no specific lesions, so that the result 
was almost certainly non-specific. (©.228 (previously used) gave a most interesting syndrome. 
The right foot appeared limp on the tenth day without any other signs: next day weakness in the 
limb was much more definite, but there was still no involvement of other limbs. By the twelfth 
day, however, the paralysis had spread widely and the monkey was prostrate. C.236, now being 
tested for the third time, again showed no symptoms. 


TABLE 5. 


Infection of M. Cynomolgus by Swabbing Pharyngcal Region with ** Mar Cyn. I”’ 


Virus. 

Monkey. Ist swabbing. 2nd swabbing. érd swabbing. 
C.236 Nil Nil Nil 
C.237 7th day—bulbar* 

C.224 10th day—(?) bulbar* 

C.225 13th day—bulbar* 

C.228 Nil. 10th day—lumbar 
C.249 10th day—bulbar* 

C.250 7th day—(?) nonspecific t 


* Diagnosis confirmed by histological section of the spinal cord or by subinoculation. 
t No definite histological evidence of poliomyelitis. 


In summary, we have five out of seven monkeys, inoculated for the first time, 
dying of presumptive poliomyelitis; four, proved by histological section or sub- 
inoculation to be specifically infected, showed primary bulbar infection, while the 
other one showed indefinite symptoms and probably died from non-specific causes. 
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Of the two survivors one succumbed to a second swabbing with symptoms indicat- 
ing a primary attack on the lumbar cord, while the other resisted three pharyngeal 
swabbings with virus. 

Further experiments have given much less regular results, and we have found 
it impossible to make any systematic study of the route taken by the virus after 
administration in this way. Five cynomolgus swabbed over the pharynx and 
tongue on the 6th January, 1939, gave two with typical paralysis, in both cases 
affecting the legs first. Another died nine days after swabbing, but was probably 
not specifically infected. Six monkeys tested in February showed no symptoms, 
and were re-swabbed with virus on three occasions without result. The last 
experiment we have done (April, 1939) on four monkeys, was made with fresh 
unglycerolated material, and gave two infections on the tenth and nineteenth 
days after swabbing. Both animals showed general weakness without definite 
localizing symptoms before becoming prostrate. Histological sections of the 
cervical cord showed typical lesions of poliomyelitis, and we can probably re- 
gard both as having been infected primarily in the medulla. 

Infection could be produced in most cynomolgus monkeys by a single intra- 
dermal injection of undiluted ‘‘Mar’’ virus. Of ten monkeys inoculated, six gave 
typical specific infections, two died at nine and fourteen days after inoculation 
without definite histological appearances, and two survived without symptoms. 
Details of these experiments and of others bearing on the mode of spread of the 
virus in the body will be presented in a separate paper. 

Experiments on infection by the gastro-intestinal route have given three posi- 
tive results. Two cynomolgus monkeys were inoculated after laparotomy directly 
into the stomach and into a loop of small intestine respectively. The first sur- 
vived ; the second, inoculated into the intestine, showed nine days later weakness 
of the right upper arm and right neck muscles. It was killed for a study of the 
distribution of virus on the same day, and shown both by histological section and 
subinoculation to be specifically infected. A series of six cynomolgus monkeys 
were given about 1 ¢.c. of a thick unspun emulsion of ‘‘ Mar’’ cords by mouth. The 
virus was dropped in with a pipette while the monkey was very lightly anaes- 
thetised. Three of these monkeys became prostrate; one, 653, died on the thir- 
teenth day, after having shown subnormal temperature for some days. Section of 
the cord showed no specific lesions. Monkey 632 was found dead on the seven- 
teenth day, no symptoms having been noted the previous day. Section of the lum- 
bar cord, however, showed acute typical lesions almost strictly limited to one side. 
Monkey 630 showed on the twenty-fourth day after feeding coarse tremor and 
ataxia with raised temperature. During the day paralysis developed in the legs, 
and the animal was dead the following morning. Histological section of the cord 
showed typical severe inflammatory changes which, like those in Monkey 632, were 
predominantly unilateral. The other three monkeys remained without symptoms 
for six weeks. 
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PATHOLOGICAL HISTOLOGY (E.G.R.). 


The distribution of the inflammatory changes in the central nervous system 
of cynomolgus monkeys infected with poliomyelitis was on the whole similar to 
that in rhesus monkeys infected by the same routes, but it was more diffuse. In 
the brain stem the reticular formation was most constantly affected. Although in 
some cases there was intense change in the nuclei of the cranial nerves this did not 
bear the same constant relationship to the site of inoculation as in the rhesus. The 
third nucleus was not inflamed after intraocular inoculation in the eases examined. 
The dorsal medullary nuclei were the most intensely inflamed parts of the brain 
stem after pharyngeal swabbing, although in two cases the inflammation was al- 
most as advanced in the mid-brain. 

Compared with the manifestations in the rhesus the inflammatory reaction 
in the central nervous system of the cynomolgus monkeys examined appears to be 
of a greater intensity. Polymorphonuclear leucocytes were present in a much 
higher proportion in the early stages of inflammation. In some focal accumula- 
tions they were the predominant cell, and occasionally the perivascular cells were 
chiefly polymorphs. 

On the whole the lesions in different parts of the central nervous system in the 
monkeys examined appeared to be of the same approximate age, suggesting that 
the virus is rapidly disseminated throughout the nervous system. The one excep- 
tion noted was in a monkey inoculated intradermally, where the primary incidence 
could reasonably be assumed to be on the cervical spinal cord. 


Detailed Analysis According to Route of Infection. 


Intraocular Inoculation. Two eases. One, 628, was paralysed in the left arm 
on the eighth day and prostrate on the ninth day. The other, 629, showed ptosis 
and tremor on the eleventh day, and was prostrate on the fourteenth day. 

Mid-brain. The cells of the third nuclei appeared to be intact, although there were widely 
scattered focal accumulations of inflammatory cells in the neighbourhood of and lateral to the 
nuclei. Some capillaries showed dense cuffing with lymphocytes. No inflammatory changes were 
seen along the optic pathways. There was considerable diffuse and perivascular infiltration in 
the substantia reticularis and a little perivascular infiltration in the cerebral peduncles. 

Pontine level. The dentate nuclei showed most change at this level, but the accumulation of 
microglial cells and lymphocytes and polymorphs exceeded the degree of neuronal change. No 
pathological change was seen in the cerebellum, but there was diffuse cellular infiltration in the 
middle cerebellar peduncles. There were some widely scattered focal accumulations, diffuse infil- 
tration and perivascular infiltration in the dorsal part of the pons. 

Medulla. There was little change beyond scattered focal and diffuse infiltration with in- 
flammatory cells. 

Spinal Cord. The inflammation was much more intense throughout the spinal cord. The 
neurones showed all stages of change, central chromatolysis, dark-staining shrunken cells without 
an evident nucleus, swollen, pale cells with swollen eccentric nucleus, vacuolated cells. Neurono- 


phagia was very active, and the grey matter was infiltrated with microglial cells, lymphocytes in 
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smaller numbers and scattered polymorphs. The infiltration appeared to be intense throughout 
the grey matter, and although the neurones of the anterior columns were most acutely involved, 
those of the posterior columns especially at the bases and in Clarke’s column, were also affected. 
The changes were more intense in the monkey which survived longest. The vessels running to the 
surface through the white matter were surrounded with cuffs of lymphocytes. 

Cerebral Hemispheres. Small focal accumulations of inflammatory cells in the layer of 
the large motor cells were evident. 


Pharyngeal Infection. The central nervous system of Monkeys 225 and 237 
(see Table 5) were used for the study of changes associated with pharyngeal 
infection. 


Brain stem. The most intense changes were in the dorsal region of the medulla, but they 
were very variable in their intensity. One monkey (225), which showed a right facial paralysis 
and partial aphonia on the thirteenth day and was prostrate on the fourteenth day, displayed 
intense inflammation in the vago-glassopharyngeal nuclei. (Fig. 2.) Some neurones were 
swollen, others stained densely with pyknotie eccentric nuclei, while others were pale and vacuo- 
lated with no Nissl substance evident. Some of the cells were undergoing neuronophagia. Micro 
gliai cells, lymphocytes and polymorphs in very high proportion were accumulated around and 
between the neurones. In Monkey 237 there was much less change in the neurones. Most 
neurones appeared intact, a few had eccentric nuclei, and in some there was central chromatolysis 
without a visible nucleus. There was some phagocytosis and some accumulation of inflammatory 
cells. The hypoglossal nucleus was moderately involved, and the olives showed a moderate 
accumulation of inflammatory cells with some neuronophagia. 

The reticular formation throughout the brain stem showed diffuse and focal infiltration with 
some neuronophagia. The third and red nuclei showed some cellular damage with a considerable 
accumulation of inflammatory cells. Perivascular cuffing was present throughout, and in all the 
areas of inflammatory change a relatively high proportion of polymorphs could be seen. 

Spinal cord. Intense inflammation was evident in the neuronal death, neuronophagia and 
disappearance of nerve cells. Cellular infiltration was intense and polymorphs were present in 
large numbers. (Fig. 4.) As usual, the changes were most marked in the lumbar cord and 
the distribution of the inflammatory changes was as described previously. 

Cerebral hengispheres. Accumulations of microglial cells, lymphocytes and polymorphs in high 
proportion were seen around one or a small group of affected nerve cells in the layer of the large 
Betz cells. (Fig. 3.) There was some diffuse infiltration in the basal ganglia. 

Intradermal Inoculation. Monkey 253. Inoculation into the skin of the right 
upper limb was followed on the eleventh day by paralysis of that limb and of the 
neck muscles. It was killed on the next day. 


Cervical spinal cord. The neurones were reduced to ghost-like remnants, with irregular 
outline, staining faintly with occasionally a remnant of the nucleus visible. There were few 
cells accumulated around some of these remnants, but neuronophagia of other neurones was very 
active. Most of the nuclei of the infiltrating cells were large oval or smaller rod-shaped vesicular 
with a delicate chromatin network, belonging to cells which Hurst has demonstrated to arise from 
microglial cells. There was a small proportion of lymphocytes and few polymorphs. Capillary 
dilation was evident. In the lumbar segments the neurones showed less change than in the 
cervical region and polymorphs were in greater prominence. 

Brain stem. Diffuse and focal infiltration with inflammatory cells was most marked beneath 
the floor of the posterior part of the third ventricle. Some neurones of the third nucleus and 
the reticular formation had suffered acute death. Polymorphs constituted a very high proportion 
of the inflammatory cells. 









F. M. BURNET, A. V. JACKSON anp E. G. ROBERTSON 
Way: 
ES ee 
= ay 
, s 
, Fae On 
or 
. ¥. 








Fig. 2. Vago-glossopharyngeal nucleus. Intense Fig. 3. Motor cortex. Focal tissue infiltration and 
perivascular cuffing and tissue infiltration with lympho- perivascular infiltration, a high percentage of the cells 
cytes and polymorphs. being polymorphs. 








Fig. 4. Anterior horn of the lumbar spinal cord. The 
neurones at all levels appeared to be in much the same stage 
of involvement. 


Figs. 2, 3 and 4. Microphotographs of sections from central nervous system of cyno- 
molgus M.225 infected by pharyngeal swabbing. Early signs of infection on the thirteenth 
day included right facial paresis with prostration on the following day, when the animal was 


killed. 
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Intracerebral Inoculation. The monkey used, No. 284, showed excitability 
and tremor on the eleventh day after inoculation, and was prostrate with general 
weakness of all limbs on the following day. when it was killed. 

At the point of inoculation into the white matter of the cerebral hemisphere there was a 
dense accumulation of microglial cells with large reticular nuclei of varying shares, oval, circular 
and rod-shaped. Lymphocytes were present in small proportion. There were no polymorphs. 
Many capillaries were seen radiating towards the centre of the area. Astrocytes and fibroblasts 
appeared to be proliferating at this stage. There was some lymphocytic cuffing in the white and 
grey matter at considerable distance from the point of inoculation, and indeed perivascular cuffing 
was in evidence over a much wider area than following inoculation by other routes, in which the 
motor cortex and the basal ganglia alone showed evidence of infiltration. Distant from the lesion 
the motor cortex was still the most heavily involved, but some perivascular infiltration was seen 
in the left post-central gvri and in the left uncus (the side of inoculation). The thalamus was 
more affected on the left side than on the right. 

Throughout the brain stem there were diffuse and focal accumulations of inflammatory cells 
without any predominant localization. In the lumbar segments of the spinal cord the neurones 
in the anterior columns were killed and neuronophagia was proceeding actively. The damage was 
not quite so intense in the cervical cord. 

In addition to these detailed studies on a few selected monkeys, a large num- 
ber of sections of the lumbar and cervical cord from infected cynomolgus monkeys 
has been examined in the course of routine work. With only an occasional excep- 
tion the changes were intense, conforming to the descriptions given above. In 
several an additional feature was a relatively severe involvement of the white 
matter. Hurst (1929) notes that in rhesus there may be an occasional overflow of 
inflammatory cells into the white matter, and that vessels passing through to the 
anterior horn may be heavily cuffed. In eight cynomolgus inoculated by various 
routes the lumbar cord showed these features, and in addition one or more of the 
following : marked extra-adventitial spread of cells from a cuffed vessel, small focal 
accumulations including polymorphonuclear cells, or diffuse infiltration with mic- 
roglial cells. These changes were particularly seen in the lateral columns, but 
might also involve the anterior portion of the white matter. It was noticeable that 
the posterior columns were never involved. 


Summary. 


We may enumerate the chief impressions gained from this histological survey 
as follows: 

(i) The virus probably disseminated very rapidly throughout the nervous 
system, for in only one instance (after intradermal inoculation) did differences 
in the histological appearance of inflammatory lesions in different parts of the 
same nervous system suggest that the process was more advanced in one part than 
the other. 

(ii) The inflammatory reaction was usually violent. Polymorphs constituted 
a high proportion of the inflammatory cells in areas recently attacked, and even 
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the perivascular cells may be predominantly polymorphonuclear cells. The poly- 
morphs disappeared rapidly, probably largely within twenty-four hours, and cells 
of microglial origin predominated in the neuronophagia. 

(iii) After intraocular inoculations the inflammatory lesions showed a dis- 
tinetly different distribution from that observed in rhesus monkeys after similar 
inoculation (Burnet, Jackson and Robertson, 1939). There were widespread in- 
flammatory changes in various parts of the brain stem, but the nuclei of the third 
nerve were not visibly affected in the cynomolgus, whereas in the rhesus the in- 
flammatory change beneath the floor of the posterior part of the third ventricle 
and in the third nucleus was very much more intense than in other regions of the 
brain stem. 

(iv) After pharyngeal swabbing the nuclei of the cranial nerves in the dorsal 
region of the medulla showed the most intense changes in the brain stem, and 
more than was observed when the inoculation was by other routes. 

(v) The intensity of the inflammatory reaction was greater in the spinal cord 
than at any other level of the nervous system, irrespective of the method of in- 
oculation. 

(vi) The degree of involvement and the distribution of lesions in the motor 
areas of the cerebral hemispheres appeared to be very constant, whatever the 
species of monkey or the route of inoculation used. 


DISCUSSION. 


Despite the irregularities and difficulties which we have encountered in this 
work with cynomolgus monkeys, the results obtained are sufficient to indicate the 
value of using this species as well as rhesus for experimental poliomyelitis studies. 
If our experience with the strain ‘‘ Mar’’ is not exceptional, inoculation of human 
material into cynomolgus monkeys should be the method of choice for primary iso- 
lation of virus. It should also be particularly useful for such work as the isolation 
of virus from the nasopharyngeal washings of faeces of patients or contacts. Our 
experiments were not begun till after the end of the 1937-38 epidemic, and we 
have not had fresh human material available to determine whether other unadap- 
ted strains would show the same high infectivity as ‘‘ Mar’’. 

The symptomatology of the experimental infection differs considerably from 
that of the disease in rhesus monkeys, general weakness being much more evident 
than local paralyses, unless the infection reaches the spinal cord before the brain. 
The widespread damage observed histologically in the brain stem may perhaps be 
responsible for this difference from the symptoms in rhesus monkeys. When in- 
fection is initiated either by intracerebral or by intraocular injection, such changes 
in the brain stem may be sufficient to produce general weakness, tremor and ataxia 
before the rapid extension to the anterior horn cells results in complete paralysis. 
Where the virus reaches the cord directly, as from an intradermal inoculation in 
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the abdominal wall, the local paralysis is at first often unassociated with any 
general weakness. Even with infection following intradermal inoculation, how- 
ever, some monkeys become prostrate without localizing symptoms. 


The high susceptibility of the species to infection by peripheral application of 
an unadapted virus is probably the most important of our findings. The results 
of intradermal inoculation are complicated by the fact that the strain of virus used, 
‘*Mar’’, may also infect rhesus monkeys by this route, and a full account of these 
experiments will be reserved for a subsequent paper. In all, ten monkeys have 
become prostrate seven to nineteen days after a concentrated virus suspension 
has been swabbed over the back of the tongue and the tonsillar region. One of 
these failed to show definite histological lesions in portion of the cervical cord taken 
for section, and the cause of the prostration may not have been poliomyelitis. Of 
the remainder, two showed initial paralysis in the legs with subsequent spread 
upwards, the syndrome closely resembling typical rhesus poliomyelitis. The others 
had no localized limb paralysis, the clinical picture resembling that after intra- 
ocular inoculation, except for the absence of ptosis and the presence of unilateral 
facial weakness in two monkeys. In several, partial or complete aphonia was noted, 
but this may well ive been a manifestation of general weakness rather than a 
specific symptom. On the whole we are inclined to consider that the two animals 
showing initial paralysis of the hind limbs were probably infected from the bowel 
by swallowed virus, and that the others were infected by way of one or other of 
the lower cranial nerves. We are aware that in rhesus monkeys an initial paralysis 
of one or both lower limbs is almost the regular result of intracerebral inoculation, 
and the appearance of this type of paralysis after some unusual mode of adminis- 
tering the virus is therefore no evidence that the lumbar cord was the first part of 
the central nervous system to be reached. Nevertheless, in cynomolgus we have 
never seen the exclusive involvement of one or both lower limbs in about 50 in- 
oculated intracerebrally or intraocularly, and we feel justified in taking the evi- 
dence for these two monkeys at its face value, more particularly as Levaditi, Kling 
and Lépine (1931) and Saddington (1932) have previously infected this species 
by the intestinal tract, although they used enormously larger doses of virus than 
we did. Ina single experiment we have infected a eyvnomolgus monkey by injec- 
tion directly into the lumen of the small bowel. In this instance paralysis first 
involved the neck and upper arm muscles. Another animal infected by feeding 
showed initial symptoms of general coarse tremor with marked weakness and 
ataxia in the legs followed by rapid prostration. 

It is of interest that the one cynomolgus monkey infected by Vignec, Paul 
and Trask (1939) by feeding with their virus ‘‘S.K.’’ showed a syndrome almost 
identical with that which we have observed after pharyngeal swabbing. The coarse 
tremor, aphonia and right facial paralysis observed as early symptoms suggest 
strongly that the result in this animal was also due to spread from the pharynx to 
the medulla. 
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At the present time it is orthodox to believe that, except for certain infections 
of the raw area following tonsillectomy, human infections with poliomyelitis virus 
almost entirely enter the nervous system via the olfactory route. This opinion, 
which has been very explicitly expressed by Flexner (1936) is based primarily 
upon the well-established fact that rhesus monkeys ean be regularly infected by 
the nasal route and by no other ‘‘natural’’ method. Flexner considered that the 
negative results he obtained in feeding experiments with cynomolgus monkeys. 
together with their susceptibility to nasal infection, showed that there was no 
essential difference between the two species. The significant difference between 
his experiments and ours is in the strain of virus used. In a subsequent paper we 
shall report experiments indicating the ease with which the strain ‘‘ Mar’’ passes 
from the skin to the central nervous system in contrast to the behaviour of ‘‘ M.V.”’, 
the strain used by Flexner. It is probable, therefore, that the susceptibility to 
infection by pharyngeal-gastrointestinal administration of ‘‘Mar’’ to cynomolgus 
monkeys is related both to the strain of virus and to the species used. This suseep- 
tibility may or may not be relevant to human problems, but it at once destroys the 
basis for the belief that the great majority of human infections are of olfactory 
entry, and leaves the problem entirely open. There is no reasonable doubt that 
poliomyelitis virus is a specifically human parasite which in nature multiplies only 
in human tissues, and on general grounds one would expect that its behaviour in 
the most susceptible unnatural host would present the closest analogies to its be- 
haviour in the natural host. If poliomyelitis virus can reach the central nervous 
system of M. cynomolgus from various peripheral sites of injection or contamina- 
tion, it is reasonable to believe that it might have equally varied possibilities of 
entry in the susceptible human being. 


SUMMARY. 


Macacus cynomolgus (Macaca irus) is highly susceptible to infection with 
poliomyelitis virus. With a local strain, ‘‘Mar’’, fatal infections were regularly 
produced with original human material, while the rhesus passage strain, ‘‘M.V.’’, 
was equally active. 

The spinal cord of prostrate animals contains a higher concentration of virus 
than is obtained from rhesus monkeys (Macaca mulatta) paralysed with the same 
strain. 

Serum neutralization tests can be carried out as in rhesus monkeys by either 
intracerebral or intraocular inoculation, the latter method giving the more satis- 
factory results. 

A proportion of cynomolgus monkeys can be infected by simple swabbing of 
virus on the pharyngeal region. 

The histological findings in cynomolgus monkeys inoculated by various routes 
are described. The lesions resemble those in rhesus monkeys, but are more widely 
distributed, and often show a more acute polymorphonuclear response. 
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INTRODUCTION. 


It has been generally observed that antitoxin does not always prevent death 
from diphtherial intoxication. This is true even when a big dose has been given 
intravenously early in the course of the disease; it is particularly true when the 
disease has been caused by the gravis or intermedius type. 

The toxin derived from cultures of type gravis is neutralized by P.W.8 anti- 
toxin equally as well as the toxin derived from cultures of type mitis (Povitsky, 
Eisner and Jackson, 1933 ; Etris, 1934; Isivama, 1938). P.W.8 antitoxin, if given 
early enough, is equally as effective for the gravis infections of guinea-pigs as for 
mitis infections (Parish, Whatley and O’Brien, 1932a, 1932b; Povitzky, Eisner 
and Jackson, 1933; Menton, Cooper, Duke and Fussell, 1933). It has been sug- 
gested that the toxin is produced in vivo more quickly or more abundantly by 
strains of the gravis or intermedius type than by strains of the mitis type, but this 
has yet to be proved. 

McLeod, Orr and Woodcock (1939) have found that the local lesion which 
results from natural infection of the fauces by type gravis or type intermedius 
penetrates deeper into the tissues than that which results from infection by type 
mitis, which is relatively superficial. They suggest that toxin may be absorbed 
more quickly and in greater amount from the deeper lesion. 

It has seemed reasonable, therefore, to examine the spreading power (Duran- 
Reynals, 1933, 1935) of bacteria isolated from the local lesion of faucial diphtheria 
to ascertain if it is responsible for the unexplained malignancy of the disease in 
some patients. Two lines of inquiry have been followed : (i) clinical and bacterio- 
logical inquiries to determine if the severity of the disease is related to the spread- 
ing power of bacteria associated with (. diphtheriae; (ii) experiments to deter- 
mine if the virulence of (. diphtheriae is increased by bacterial spreading factors. 











1 This work was carried out under grants from the Commonwealth Government and the 
National Health and Medical Research Council. 
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MATERIALS AND METHODS. 


Number of patients: severity of the disease. Throat swabs were obtained from each of 83 
patients with faucial diphtheria from whom C. diphtheriae was isolated. The disease was graded 
clinically, according to the scheme of Bie (1929), as severe in 27 patients, 15 of whom died; 
moderately severe in 18 patients and mild in 38 patients, all of whom recovered. 

Isolation of haemolytic streptococci and staphylococci. The swabs were used to inoculate 
an ordinary sheep blood-agar plate and two plates, one of which was incubated anaerobically and 
one aerobically, of the special blood-agar described by Ward and Rudd (1938) for the isolation and 
cultivation of haemolytie streptococci. The strains isolated were stored in the ice chest in 
Robertson’s cooked meat medium under paraffin. 

Attempts to isolate spore-bearing anaerobes. Swabs were plunged directly into anaerobic 
meat medium and incubated for from 5 to 10 days. Gram-stained smears were then examined 
and the cultures were placed in the water bath at 85°C. for twenty minutes; subcultures were 
then made on serum-agar plates which were incubated anaerobically for three days. 

Determination of Lancefield’s group A streptococci. This was made by a modification of her 
technique (1933) along lines suggested by Professor H. K. Ward (personal communication) ; 
Lanecefield (1938) has recently published the details of a similar micro-method. 

Estimation of spreading power. The bacteria were removed from broth cultures by filtering 
or centrifuging. India-ink or diluted diphtheria toxin was added as indicator and the filtrate or 
supernatant fluid was then injected into the shorn skin of a rabbit. 

Uninoculated broth served as control; one control injection was included in each row of 
tests. 

The area through which the india-ink or toxin spread was measured to the nearest em2. The 
results of tests of spreading power were not taken as positive unless the area of the test was more 
than half as large again as the area of the control; strains with which the area of the test was 
not more than twice as large again as the area of the control were re-tested, often more than once. 

Virulence of C,. diphtheriae. Suspensions in Wright’s (1933) gelatine saline solution were 
made of the growth from 15-hour pure cultures on Léffler’s medium and were standardized by 
opacity. The number of viable organisms was estimated by colony counts by G. S. Wilson’s 
(1935) technique. 

In estimating the influence of the spreading factor on virulence, one part of suspension of 
C. diphtheriae was mixed with 9 parts of culture filtrate which showed much spreading power; 
1 c.c. of the mixture was injected beneath the skin of a guinea-pig weighing 400-500 gm. 

All the guinea-pigs were examined post-mortem for evidence of diphtherial intoxication. 


RESULTS. 


(a) Some preliminary experiments were done with the spreading factor, con- 
firming many of the results obtained by Duran-Reynals (1933, 1935), Me- 
Clean (1935) and Medinaveitia (1939). Only those will be mentioned here 
which seemed to qualify, or to differ from, the reported results of others. 


(i) Controls. The spread of india-ink or diphtheria toxin mixed with sterile 
uninoculated fluids was tested in order to establish a standard for controls. When 
mixed with physiological saline these indicators spread less widely than when 
mixed with tap water, broth or serum-broth. Saline solution, which has been used 
frequently as a control, is therefore not the most suitable fluid to use as a control 
in testing the spread of other fluids. 
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(ii) Relation of Spreading Power to Capsules. Capsules were present in 
young serum-broth cultures of two strains of streptococcus (Group A, types 6 and 
8 respectively). Spreading power could not be shown either in these young cul- 
tures or in older cultures in which capsules could not be seen. The filtrate of an 
extract prepared by shaking the young encapsuled cocci in saline (Pradhan, 1937) 
did not show spreading power. The apparent relationship between capsules and 
spreading power observed in one strain of streptococcus by Pradhan is therefore 
not universal. 

(iii) Antigenic Properties of the Spreading Factor. An attempt was made 
to immunize rabbits by giving them respectively, for a space of seven months, in- 
travenous injections of sterile streptococcus or staphylococcus broth culture fil- 
trates possessing spreading power. As controls, other rabbits were given similar 
filtrates which did not possess spreading power. 

Precipitin and complement fixation tests were applied to the sera of six ‘‘im- 
munized’’ rabbits and of control rabbits; neutralization tests were applied by 
testing the spread of mixtures of ‘‘antiserum’’ and spreading factor; the spread- 
ing power was tested of culture filtrates obtained by growing the streptococci or 
staphylococci in mixtures of antiserum and broth; also, the spread of culture fil- 
trates was tested in the skin of the ‘‘immunized’”’ rabbits. 

The results did not indicate that the spreading factor present in crude broth 
eulture filtrate of streptococci or staphylococci was antigenic. 

McClean (1935) by immunizing rabbits with Cl. welchii filtrates, obtained 
results which he has accepted as indicating that these filtrates were antigenic. 


(b) The Occurrence of Some Bacteria in the Local Lesion of Faucial Diphtheria. 


(i) Haemolytic streptococci were isolated from 42 of the 83 patients (50°6 
p.c.). They were isolated from patients with severe, moderately severe or mild 
diphtheria in about half the patients in each group. Two different strains were 
isolated from each of three patients. Ten of the 45 strains isolated grew, in the 
primary culture, anaerobically only; nearly all of these grew aerobically in the 
first subeulture in broth and in the second sub-culture on blood-agar, although the 
growth of some of these strains in subeulture aerobically on blood-agar was sparse. 

Twenty-six of the 45 strains (54-2 p.c.) belonged to group A. 

(ii) The haemolytic staphylococcus was not considered till late in the work; 
it was found in eight of 20 patients with severe disease, in two of 16 patients with 
moderately severe disease, and in none of 19 patients with mild disease. 

Both haemolytic streptococci and staphylococci were isolated from four of 55 
patients ; in these four patients the disease was severe but not fatal. 


(iii) Spore-bearing anaerobes were sought in throat swabs from 50 patients 
with diphtheria of varying severity but were not found. 
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(c) Spreading Power in Relation to the Severity of the Disease. 


(i) The spreading power was determined of the haemolytic streptococci which 
were isolated from 27 patients with faucial diphtheria. 

In 13 patients the disease was severe or fatal; in 14 it was mild. In seven of 
the former and in nine of the latter the streptococci which were isolated showed 
much spreading power; in the remaining six of the former and in the remaining 
five of the latter they showed little or no spreading power. 

Spreading power was shown by equally as many strains not belonging to 
group A as by strains belonging to group A. 

(ii) The spreading power was determined of six strains of haemolytic staphy- 
lococci isolated from patients with severe or fatal diphtheria. All the strains 
showed spreading power. 

(iii) The spreading power was determined of 6, 24 and 48 hour broth cul- 
ture filtrates of 20 strains of C. diphtheriae. Ten strains (nine of type gravis, one 
of type intermedius) were isolated from patients who later died of diphtherial in- 
toxication, 10 (five of type gravis, five of type mitis) from patients with mild diph- 
theria who recovered ; 19 of the 20 strains were virulent to the guinea-pig (intra- 
dermal test). Practically no spreading power was observed in any strain, whether 
of type gravis or of type mitis. 


(d) The Influence of the Spreading Factor on the Virulence of C. diphtheriae 
for the Guinea-pig. 


The M.L.D. of a certain strain of C. diphtheriae (type gravis) was found to 
be about two million bacilli. Of a group of three guinea-pigs given this dose all 
were dead on the second day ; of another group of ten guinea-pigs, six were dead 
on the second day, one on the fourth day, and three on the sixth day. 

In Table 1 are shown the results of injecting 1/50, 1/25 and 2/25 of two mil- 
lion bacilli of this strain of C. diphtheriae together with a sterile broth culture 
filtrate of streptococcus or staphylococcus which possessed spreading power or 
together with uninoculated broth devoid of spreading power. The streptococcus 
and (. diphtheriae were isolated from the throat of the one patient, the staphylo- 
coccus was isolated from the throat of another patient ; both patients died of diph- 
therial intoxication. 

Spread of the culture filtrates and of the uninoculated (control) broth was 
measured in the usual way in the skin of a rabbit. 

With each dose of C. diphtheriae, five guinea-pigs were injected with C. diph- 
theriae together with the spreading factor, and five were injected, as controls, with 
the same suspension of C. diphtheriae together with uninoculated broth. 

The least dose of C. diphtheriae causing death was 80,000. No evidence was 
obtained that the killing power of (. diphtheriae was greater in the presence of 
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the spreading factor derived from streptococci or staphylococci than in the pre- 
sence of uninoculated broth. 

It was not as easy to measure the size of the lesion which followed the sub- 
cutaneous injection of virulent (. diphtheriae as that which followed intra-dermal 
injection. Howevér, no difference was observed between the size of the lesion in 
the test and control guinea-pigs; this was in contrast with the results of intra- 
dermal injection in which the lesion which followed the injection of C. diphtheriae 
together with the spreading factor was wider than the lesion which followed their 
injection together with uninoculated broth. 


TABLE 1. 


‘ 


Subcutaneous Injection of Guinea-pigs with C. Diphtheriae together with the 


Spreading Factor. 


Test. Control. 
C. diphtheriae together with the C. diphtheriae together with 
spreading factor. uninoculated broth. 
— Spreading factor A rea of No. of A rea of No. of 
. s st : spread guinea- spread guinea- 
C. diphtheriae derived from . : , 
sq.cm. pigs. Result. sq.cm. pigs. Result. 
0 Streptococcus 24 5 Allsurvived - - 
Staphylococcus 21 4  Allsurvived - 
40,000 Streptococcus 15 5 All survived 5 5  Allsurvived 
Streptococcus 24 5 Died: 1, 4th day Died: 1 on 5th, 
1, 7th day 7th, 8th and 
Survived: 3 9th days 
80,000 7-5 5 
Staphylococcus 21 5 Died: 2, 5th day 
1 on 7th, 
8th and Survived: 1 
9th days 
Survived: 0 
Streptocoecus 24 5 Died: 2, 5th day Died: 1, 3rd day 
2, 7th day 2, 5th day 
1, 9th day 1, 7th day 
1, 8th day 
160,000 Survived: 0 7-5 5 
Staphylococcus 21 5 Died: 2, 7th day Survived: 0 


Survived: 3 


DISCUSSION. 


Further information about the patients investigated is given in the report of 
Wilson and Goldsworthy (1938), in which severity of the disease is co-related 
with the type of the infecting C. diphtheriae, with the time which elapsed before 
antitoxin was given and with other details. 
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Relatively more of these patients (50-6 p.c.) harboured haemolytic strepto- 
cocci than did the apparently normal individuals or the hospital in-patients who 
have been the subject of reports by Glover and Griffith (1931), Gibson, Thomson 
and Stewart (1933), Hare (1935), Green (1938) and, in Australia, by Bryce and 
Tewsley (1938). 

Haemolytie streptococci were found in but relatively few more patients with 
severe diphtheria than with mild diphtheria. It has long been surmised that the 
streptococcus influences unfavourably the course of faucial diphtheria ; its oceur- 
rence among patients afflicted by severe or mild diphtheria lends but little support 
to this view. 

Spreading power was shown by the haemolytic streptococci isolated from 
patients with mild diphtheria as well as from patients with severe diphtheria. 

The severity of the disease, therefore, was evidently not closely related to the 
spreading power of associated haemolytic streptococci. 

The number of patients examined for haemolytic staphylococci was small, but 
the results suggested that haemolytic staphylococci were present in the throat more 
often in severe than in mild diphtheria. All strains of staphylococcus exhibited 
spreading power, but, since the spreading power of haemolytic streptococci was 
evidently not connected with the severity of the diphtheria, there seemed no need 
to examine a greater number of patients for staphylococci. 

It was MecClean’s (1935) observation that some species of Clostridium ex- 
hibited spreading power, in the presence of which the redness which followed the 
intradermal injection of diphtheria toxin was increased in width, which led to the 
fruitless search for Clostridia in the throats of patients with faucial diphtheria. 

Duran-Reynals (1933) observed that, when a staphylococcal lesion was pro- 
duced in an experimental animal, the spreading factor was absorbed into the cir- 
culation and caused wide diffusion of india-ink injected into the skin. The results 
of the experiments on the influence of the spreading factor on the virulence of 
C. diphtheriae for the guinea-pig did not suggest that these observations of Me- 
Clean and Duran-Reynals have any practical bearing on the wide lesion and ex- 
cessive intoxication of malignant diphtheria. 

The slight spreading power observed of the C. diphtheriae itself agreed with 
McClean’s observations. 

Sekiya (1937) has reported that the virulence of C. diphtheriae for the guinea- 
pig was so increased when it was injected together with a subnecrotic dose of 
**staphylotoxin’’ that 1/50 M.L.D. caused death and 1/5000 M.L.D. caused a 
‘*typical infection’’. Unfortunately, the nature of the ‘‘staphylotoxin’’ was not 
described. The experiments described under (d) suggest that Sekiya’s results 
were not due to the spreading factor which probably was present in the ‘‘staphy- 
lotoxin’’. 


9? 
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SUMMARY. 


Spreading power has been shown in culture filtrates of 16 strains of haemo- 
lytie streptococcus; it was absent from culture filtrates of 11 other strains. Con- 
sistent results have been obtained from repeated tests of strains which either 
showed or did not show spreading power. 

Haemolytie streptococci have been found in the throats of half the patients 
with faucial diphtheria. Nearly one-fifth of the strains isolated were isolated an- 
aerobically only ; more than half belonged to group A. 

The spreading power of the haemolytic streptococci was evidently not related 
to the severity of the faucial diphtheria. 

Haemolytie staphylococci were found in relatively more patients with severe 
than with mild faucial diphtheria. 

The killing-power of (. diphtheriae was not enhanced in the presence of the 
spreading factor derived from streptococci or staphylococci, although the lesion 
which followed the intradermal injection of diphtheria toxin or of toxigenic (. 
diphtheriae was increased in width when the toxin or (. diphtheriae was injected 
together with the spreading factor. 
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1. INTRODUCTION. 


The problem of nitrogen fixation in soil has been given a great deal of con- 
sideration overseas, but comparatively little work has been published for Aus- 
tralian climatic and pedological conditions. In South Australia, Leweock (1925) 
and Beek (1935) found that Azotobacter were fairly widely distributed. 

The aim of the present research was to make a bacteriological survey of the 
principal agricultural soils of Victoria and to determine quantitatively the num- 
bers and relative importance of the aerobic and anaerobic nitrogen-fixing bacteria. 
Little is known concerning the way the organisms are distributed in the soil, and 
experiments were devised to show whether they occur as free individuals or as 
colonies. An attempt was made to estimate the size of the colonies and to discover 
whether the individual cells contained in them were dormant or active nitrogen- 
fixers. In the case of the non-sporing Azotobacter it was sufficient to determine 
the number of soil colonies and individual cells, but for the sporing Clostridia it 
was necessary to find the number of soil colonies existing as dormant spores, the 
number of soil colonies existing as a mixture of spores and vegetative cells, and 
also the number of individual spores and cells in these colonies. 

In the past various methods have been devised for estimating the nitrogen- 
fixing flora of soil both quantitatively and qualitatively. The quantitative methods 
are of two kinds, firstly soil colony counts, and secondly individual cell counts 
after the colonies had been disintegrated. The present investigations included a 
study of these methods. Certain modifications were introduced and the more 
accurate ones used to obtain the following bacterial counts in soil : 

1. The number of Azotobacter colonies. 

2. The total number of individual Azotobacter cells after disintegrating the 

colonies. 

3. The number of Clostridia colonies existing as dormant spores. 





1 This work was carried out by the writer whilst holding a major research scholarship under 
the C.S.I1.R. grant to the University of Melbourne. 
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4. The number of Clostridia colonies existing as a mixture of spores and 
vegetative cells. 

5. The total number of individual Clostridia spores after disintegrating the 
colonies. 

6. The total number of individual Clostridia (spores and vegetative cells) 
after disintegrating the colonies. 


2. HISTORY OF TECHNIQUE. 
(i) The technique for Azotobacter colony counts. 

Winogradsky (1926) determined the number of Azotobacter colonies on the surface of a 
soil plaque. He mixed a known weight of mannitol, caleium carbonate and potassium phosphate 
with a definite weight of soil, added sufficient water for ideal moisture conditions and kneaded the 
mixture into a Petri dish for incubation at 28-30°C. The increased carbohydrate content and 
the failure to add nitrogenous food to the soil provided ideal conditions for the growth of Azoto- 
bacter by helping the nitrogen-fixers at the expense of the other soil organisms. When the 
Azotobacter colonies attained visible size a count was made and used as an indication of the 
number of organisms present in the sample. The soil plaque method is very useful for detecting 
the presence or absence of Azotobacter but it does not give an accurate way of estimating the 
number of Azotobacter colonies in a known weight of soil. Only the surface colonies are counted 
since those in the centre of the plaque do not readily develop and may escape notice. Optimum 
moisture conditions are essential for the maximum growth of the nitrogen fixers. If the moisture 
content of the plaque is too low only a few Azotobacter colonies appear; if it is too high anaerobic 
conditions prevail and Clostridia grow instead of Azotobacter. The optimum moisture content 
varies with the texture of the sample. In sandy soil the surface of the plaque dries out quickly 
and kaolin must be spread over the surface in order to obtain a film of moisture in which 
Azotobacter can grow; on the other hand, clay soils become too moist and it is difficult to 
avoid getting anaerobic conditions with consequent gas production and the formation of soil 
blisters. 

Winogradsky (1926) also devised the silica gel method in which a weighed amount of soil 
was sprinkled over the surface of a silica gel impregnated with mannitol and suitable mineral salts. 
After a few days incubation at 28-30°C. the slimy Azotobacter colonies were counted and if 
necessary the amount of nitrogen fixed could be estimated by a Kjeldahl determination of the 
bacterial growth. The advantage of this method is that, since all nitrogenous matter was 
completely excluded from the medium, only Azotobacter would develop. On the other hand the 
silica gel is difficult to prepare in a sterile condition and as two silica gels can very rarely be 
dried off to the same moisture content identical conditions for replicate experiments are scarcely 
possible. 

Rossi et al (1936) suggested a direct counting method. Soil films were made by pressing 
damp earth between two glass slides and after staining with carbol erythrosin a count of the 
Azotobacter colonies was made under the microscope. The method was tried in this laboratory 
but did not give satisfactory results except with soils containing large numbers of Azotobacter. 
Normally the colonies were rare in the soil and numerous microscopic fields had to be examined 
before any were detected. 


He worked with soil particles capable of passing through a mesh of 20 to one inch but retained by 
a 40 mesh wire sieve. These particles were sprinkled evenly over the surface of 100 ml. of sterile 
mannitol agar contained in aluminium plates 20 em. in diameter. Colony counts were made after 
5 days incubation at 28°C. and the results were recorded as the mean number of Azotobacter 
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per gram of soil. The medium may be criticized for containing nitrogenous impurities which 
permit the growth of microorganisms other than Azotobacter but as the nitrogen supply is very 
limited the Azotobacter soon outgrow their competitors. Moreover, the colonies are very 
characteristic in morphology and may be easily distinguished from all contaminants (Figs. 1, 2). 
Mannitol agar is not difficult to prepare and sterilize and there appears to be no reason why 
batches made at different times should not be identical thereby allowing replicate experiments 
to be made. 

Curie’s method was finally adopted for the present research but it was found desirable to 
place the cultures upside down in the incubator to prevent water of condensation from dropping 
on to the surface of the agar and spreading the colonies. 








Fig.1. Aluminium plate showing white Fig. 2. Aluminium plate showing black 
Azotobacter colonies 7 days old. Azotobacter colonies 14 days old. 


(ii) Technique for counts of individual Azotobacter cells. 

Ashby (1907) used a nitrogen-free liquid medium containing mannitol and suitable mineral 
salts for cultivating Azotobacter. He introduced a known weight of soil into a known volume of 
sterile medium in a shallow flask and incubated for several days at 28°C. The method was only 
roughly quantitative and so it was not used in the present study. 

The direct microsecpic count was used by Winogradsky. A suspension of soil was made in 
water and after vigorously shaking for several minutes to separate the colonies, a drop of this 
suspension was spread over a slide and stained with carbol erythrosin. The individual Azoto- 
bacter cells were counted in « number of fields, the results averaged and the number of cells in a 
given weight of soil was calculated. This method was tried but proved unsatisfactory for the 
reasons that were mentioned earlier in connection with Rossi’s technique. Also it was impossible 
to distinguish microscopically between living and dead cells. 





An attempt was made to modify Winogradsky’s silica gel method to give cell rather than 
colony counts by using 1 ml. of a soil-water suspension of known dilution as inoculum in place of 
1 gram of soil particles. The colonies were broken up into individual cells by shaking the sus- 
pension in a machine. The objections to silica gel as a medium have already been stated but 
even if it had been possible to prepare sterile silica gels in identical batches the method would 
still have been useless because, being an irreversible colloid, it did not absorb the 1 ml. of water 
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suspension. A pool was formed where the Azotobacter swarmed but did not produce discret: 
colonies. 

Curie’s method using mannitol agar was very easily modified for this work into a plat 
dilution count but it was found impossible to shake up and pipette soil-water suspensions i: 
higher concentration than one in ten, which was, therefore, the highest concentration used. Th« 
usual method of making a plate dilution by mixing inoculum with warm mannitol agar in th« 


Petri dish was not applicable: Azotobacter, being a strict aerobe, did not develop unless it was 
within 2 mm. of the surface of the agar. If cells occurred at a greater depth than this they 
failed to give visible colonies and the count was under-estimated. This difficulty was overcome 
by first pouring 15 ml. of agar, allowing to cool, then pipetting 1 ml. of the inoculum over the 
surface and finally adding 2 ml. of medium at 40°C. and mixing thoroughly. Under these con 
ditions Azotobacter had sufficient air for maximum development as well as an adequate supply 


of moisture and carbohydrate in the lower layer of agar. Soil suspensions of three different dilu 
tions were made, usually 1 in 20, 1 in 80, and 1 in 320, and thoroughly shaken to disintegrate th: 
colonies. The Petri dishes were incubated upside down at 28-30°C. for five days, then removed 
and counted. The dilution giving less than ten Azotobacter colonies per Petri plate was 
chosen, the mean of replicate cultures was calculated and from these data the mean numbers of 
Azotobacter individual cells per gram of soil were determined. It was found that when a dilu- 
tion gave more than 10 colonies on the plate coalescence occurred making accurate counts im 
possible. For this reason it was sometimes necessary to use higher dilutions. 


(iii) Technique for Clostridia spore-colony counts. 


Since Clostridia have been gencrally believed to be less important than Azotobacter as 
nitrogen fixers they have received less attention and fewer methods have been devised for their 
estimation in soil. 

Winogradsky (1926) used qualitative methods for detecting the presence of Clostridium 
butyricum. He inoculated deep glucose agar tubes with soil particles heated for ten minutes at 
80°C, and incubated for a time at 28-30°C. The spores survived the heating and grew rapidly 
in the depths of the tube, producing butyric acid and gas which shattered the agar. Colonies 
could be picked out from the lumps of medium and examined microscopically for typical 
Clostridia-like cells. The same worker also detected the organism in soil by water logging with 
glucose solution and incubating at 28-30°C. Anaerobic conditions prevailed in the depth of the 
tube where the Clostridia developed producing butyric acid and gas which shattered the soil. 
The organisms stained blue with iodine and were distinguished microscopically by their spore 
formation and spindle-shaped morphology. These qualitative methods were not used in the 
present investigation. 

Batchelor and Curie (1929) suggested a method for the quantitative estimation of spore 
colonies of Clostridiwm butyricum in soil. Large aluminium plates 20 cm. in diameter and con- 
taining 75 ml. of glucose agar were used and 0-5 gm. of soil particles (20-40 mesh portion) was 
sprinkled over the surface. The soil inoculum then received an additional 100 ml. of medium at 
80°C. which killed all bacteria except spores and during incubation partially prevented the 
entrance of oxygen. After aerobic incubation for 6 days at 28°C, the plates were flooded with a 
dilute iodine solution which stained the younger colonies of Clostridium butyricum a reddish 
brown and the older ones blue. The colouration with iodine was due to the presence of granulose 
in the vegetative cells. As the cells aged and produced spores this was used up and the bacteria 
no longer stained. 

This method was thoroughly investigated and was finally adopted in a modified form for the 
purposes of the present study. 

An experiment was devised to compare the counts obtained by the semi-anaerobic method 
of incubation with those obtained by means of a completely anaerobic method. Several plates 
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vere prepared, half inoculated with a red brown earth from Tatong, and the other half with a 
rrey podsol from the University. The colonies which stained blue with iodine were examined 
nicroscopically and the numbers of Clostridium butyricum and other Clostridia as determined 


xy morphology were counted (Table 1). 


TABLE 1. 


Influence of Semi-anacrobic and Completely Anaerobic Conditions on Clostridia 


Counts. 


Semi-anaerobic incubation. Completely anaerobic incubation. 


stridia per 


gram of soil. 


Locality. Soil Type. 


Total No. of 


Clostridia 
Clostridia. 


gram of soil. 
butyricum, 
“% Other 
Clostridia, 
butyricum. 


% Cl. 
% Cl. 


ratong Red brown earth 54 90% 
University Grey podsol 102 40% 


5 
as 


Number of replications, 6. * Minimum percentage difference between counts for significance 40%. 

* In order to establish a significant difference (odds of 26 to 1) between two mean counts 
it is necessary that the difference (expressed as a percentage of the smaller count) should be 
greater than a certain value; this value is given at the foot of each table and depends on the 
number of replications, 


It will be noticed that the total number of Clostridia was far greater under completely 
anaerobic than under semi-anaerobic conditions and also that complete anaerobiosis was 
more selective for Cl. butyricum. Semi-anaerobic conditions encourage the growth of other 
Clostridia. This is particularly evident in the case of University soil where only 40 p.c. of the 
developing Clostridia proved to be Cl. butyricum. 

It was found more convenient to substitute agar at a temperature of 100°C, instead of 80°C. 
for pouring the plates, and to use an incubator at 37°C. instead of at 28°C. as Batchelor and 
Curie recommended, Preliminary tests showed that no significant difference in total count fol- 
lowed the use of boiling agar, and the 37°C. incubator was also satisfactory provided that the 
incubation period was reduced. The maximum development of Cl. butyricum takes place after 
» days at 37°C, compared with 6 days at 28°C. 

Microscopic examination showed that the colonies developing within the first five days were 
actively dividing. Only a few were storing granulose and consequently only a few stained with 
iodine. On the 5th day of incubation the majority of the organisms were storing granulose prior 
to sporing and therefore were stained blue. After 6 days of incubation the Clostridia were be- 
ginning to exhaust the glucose and had begun to spore. The spores did not stain with iodine so 
that the number of colonies apparently decreased. 

Finally it was discovered that 0-5 gm. of soil under anaerobic conditions gave many more 
colonies than the same inoculum under semi-anaerobic conditions so that in some cases coalescence 
resulted. It was, therefore, decided to use only 0-25 gm. of soil inoculum. 

The modified technique used in the present research is described fully here. 

Into each aluminium plate (20 cm. in diameter) 75 ml. of sterile glucose agar were poured 
and cooled. The surface of the agar was then sprinkled evenly with 0-25 gm. of soil particles 
(20-40 mesh portion) which were allowed to remain undisturbed until they became moistened in 
the water film on the solid agar, when 100 ml. of glucose agar at 100°C. were poured over the 
inoculum. Prior to incubation the lids of the aluminium plates were removed and the plates 
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were stacked inside a large metal anaerobic container. Each plate was separated from the « e 
below by a wire frame (Fig. 3) in order to promote rapid removal of oxygen. Solid pyroga! || 
was placed in the bottom of the container and a solution of sodium hydroxide poured in. A sh 
of glass was immediately placed over the opening at the top of the anaerobic container and lut 
on with plasticine. The cultures were incubated at 37°C. for 5 days when they were remoy 


and flooded with iodine solution (potassium iodide, 0-4 gm.; iodine 0-2 gm.; water 1000 m 


Staining continued for two hours and the reddish-brown younger colonies and the blue ok 
colonies of Clostridium butyricum were counted (Fig. 4). It was convenient in counting 
divide the plate into eight segments, placing a wire framework on the surface of the ag: 
The mean count for replicated plates was determined and the number of spore colonies per gra 


of soil caleulated. 





Fig. 3. Aluminium plates stacked ready for placing inside anaerobic container. 


(iv) Technique for counting mixed spore and cell colonies of Clostridium butyricum. 


Winogradsky modified the silica gel method as used for Azotobacter to suit Clostridium 
butyricum by impregnating the surface with glucose instead of mannitol and incubating anaerobic 
ally. This method was tried but was unsatisfactory. In addition to the difficulties previously 
mentioned in connection with silica gels it was noted that the vigorous motile Clostridia spread 
over and throughout the loose structure of the gel, making discrete colony counts impossible. Agar 
did not possess this porous nature and proved in this investigation greatly superior to silicie acid 
jellies. 

The modified method of Batchelor and Curie was altered in one detail to find the number of 
mixed spore and cell colonies of Clostridium butyricum present in a soil. Instead of pouring a 
top layer of agar at 100°C, the temperature was reduced to 40°C. and this allowed the survival 


of both vegetative cells and spores. 
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v) Technique for counting individual spores of Clostridium butyricum. 


Several workers have used the method of inoculating deep tubes containing nitrogen-free 
lueose-agar with 1 ml. of a thoroughly shaken soil-water suspension of known dilution. The 
ubes were heated for 10 minutes at 80°C, to kill off vegetative cells while the spores survived and 
roduced colonies, After incubation the tubes which produced butyric acid and gas were noted 


and the highest dilution at which shattering occurred was recorded. This gave the number of 





Fig. 4. Aluminium plate showing colonies of Clostridium butyricum stained blue with iodine. 


nitrogen-fixing Clostridia as individual spores present in the soil. The objection to this method 
was that all gas producers growing in glucose agar were not necessarily Clostridia and consequently 
inaccurate counts were obtained. This might be obviated by staining with iodine and picking 
out the coloured Clostridia colonies. 

During the investigation on previous technique a plate dilution method using glucose agar 
was tried. One ml. of soil-water suspension of known dilution was pipetted into a Petri dish and 
15 ml. of media at 80°C. poured over and thoroughly mixed. The cultures were incubated 
anaerobically in an atmosphere of nitrogen, but it was discovered that the motile Clostridium 
cells swarmed over the surface of the agar making accurate counts impossible. Further modifica- 
tions of Batchelor and Curie’s method were necessary to obtain individual spore counts. Petri 
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Pig. 5. 


V-shaped piece of wire inserted into Petri dish lid to allow free circulation of gases. 














Fig. 6. Petri dish showing colonies of Clostridium butyricum stained blue with iodine (six 
colonies). 
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dishes, 10 em. in diameter, were prepared for anaerobic work’by inserting a V-shaped piece of 
wire between the lid and the plate (Fig. 5). This allowed free circulation of air and promoted 
rapid removal of oxygen during incubation. The plates were sterilized and 12 ml. of sterile 
glucose agar poured in. Soil-water suspensions giving dilutions of 1 in 20, 1 in 80, and 1 and 320 
were vigorously shaken for 10 minutes by machine to disintegrate the Clostridia colonies. The 
surface of the medium was inoculated with 1 ml. quantities of each dilution and 25 ml. of sterile 
agar at 100° C. were added to kill all cells except spores. This volume of hot agar used in the 
10 em. diameter Petri dishes was one-quarter the amount used in the large aluminium plates 20 em. 
diameter, making the number of calories of heat required to kill off the vegetative cells propor- 
tional to the surface areas of the cultures. The cultures were incubated for 5 days at 37°C. in 
anaerobic jars containing alkaline pyrogallol. Counts were made after the plates had been 
flooded with iodine and the colonies stained (Fig. 6). The dilution giving less than 8 discrete 
colonies was chosen for the calculation of the number of individual spores per gram of soil. 


(vi) Technique for counting individual spores and cells of Clostridium butyricum. 


The plate dilution method just described above was used in this investigation except that 
the top layer of agar was poured at 40°C. instead of at 100°C. to allow the survival of both cells 
and spores. The colonies staining with iodine were counted as previously and the number of 
individual Clostridia spores and cells calculated. 


SOURCES OF ERROR. 


There are a number of errors involved in bacterial counts of the soil and an attempt was made 
in the research to find their effect on the accuracy of the technique. 


1, Sources of Material: Districts. 


The soil types in the various agricultural areas of Victoria differ so considerably that a single 
sample from each district is probably not representative, and whenever possible several were 
collected for bacteriological analysis. An experiment was designed to discover the magnitude 
of error involved in counts made from one soil sample. A uniform soil at the University was 
sampled simultaneously to a depth of 6 inches at four places three yards apart and the number 
of nitrogen-fixing bacteria determined by the technique described above. In the following Table 2 
the numbers of Azotobacter for each of the samples are given and it will be seen that the variation 
in counts is considerable. 


TABLE 2. 


Azotobacter Counts of Four Simultaneous Samples of University Soil. 


Number of Azotobacter per gram of soil. 


Number of Sample. Colonies. Individual Cells. 
1 3 3 
2 6 5 
3 19 57 
4 6 5 


Number of replications: 4. 
Minimum percentage difference between counts for significance 60 p.c. 


The Azotobacter colony counts range from 3 to 19 per gm. of soil and the individual cell 
numbers from 3 to 57. In only sample No. 3 did the Azotobacter colonies contain more than a 
single cell. Counts of Clostridiwm butyricum are given in Tabie 3. 
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TABLE 3. 
Clostridium butyricum in Four Samples of University Soil. 


Average number of Clostridium butyricum per gram of soil. 


Mixed spore Individual 

Number of Spore and cell Individual spores and 
soil sample. colonies. colonies. spores. cells. 
1 180 280 407 417 
2 455 449 680 600 
3 387 314 320 600 
+ 120 160 394 386 


Number of replications: 4. 
Minimum percentage difference between counts for significance 60 p.c. 


The variations in Clostridia counts are large; in soil sample 2 they are appreciably higher 
than in samples 1, 3 and 4; but in all samples the majority of the organisms occurred as spores in 
groups of one or two. 

This error must be borne in mind when interpreting the results of the bacteriological survey 
in which the places of sampling are widely spaced. 





Soil Map of Victoria ShowingPosil tions of Sampling. 
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Fig. 7. Pedological map of Victoria showing localities from which the soil samples were 
collected. 
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Notes were taken concerning the nature of the soils collected. The whole of the State of 
‘ietoria was not uniformly sampled to give a complete survey but soils from each of the various 
pedological zones, as defined by Prescott (1931), were studied bacteriologically. The localities 
from which the samples were taken are indicated on the map of Fig. 7. 


2. Times and Seasons of Sampling. 


The population of the nitrogen-fixing flora of a soil probably varies considerably from season 
to season. During the warm moist conditions of spring and autumn the Azotobacter may be 
more plentiful than at any other season of the year. In all probability Clostridiwm butyricwm 
increases after heavy falls of rain when the soil is waterlogged and anaerobic conditions prevail. 


TABLE 4. 


Seasonal Variations in Azotobacter Counts of University Sot. 


Ratio: 
Individual cells. 
Moisture Number of Azotobacter Colonies: — 
Date of content per gram of soil. (to nearest 
Season. Sampling. percentage. Individual cells. Colonies. integer). 
Spring 7/9/1937 2-6 30 21 1 
Summer 24/1/1938 1-7 0 6 0 
Autumn 16/5/1938 3-7 40 9 4 
Winter 21/7/1938 15-6 70 30 2 
Spring 7/10/1938 3-2 17-5 8-5 2 
Summer 16/12/1938 6-8 30 14-5 2 


Number of replications: 3. 


Minimum percentage difference between counts for significance 80 p.c. 


TABLE 5. 


Seasonal Variations in Clostridium butyricum in University Soil. 








Ratio: 
Individual 
Ratio: spores 
Individual Average No. of and cells, 
Average No. of spores. Clostridumbutyricum Mixed 
Soil Cl. butyricum Spore per gram of soil. spore and ; 
Date of moisture per gram of soil. colonies (to Spore Individual cell colonies 
sampling content Spore Individual nearest and cell spores (to nearest 
and season. % colonies. spores. integer). colonies. andecells. integer). 
7/9/1937 2-6 396 880 2 360 760 2 
(Spring) 
24/1/1938 1-7 440 640 ] 400 760 2 
(Summer ) 
21/7/1938 15-6 271 628 2 234 730 3 
( Winter) 
7/10/1938 3-2 286 458 1 301 501 2 
(Spring) 
16/12/1938 6-8 384 560 ] 520 640 1 
(Summer) 


Number of replications: 3. 
Minimum percentage difference between counts for significance 80 p.c, 
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Occasionally summer thunderstorms produce warm, moist, anaerobic soil conditions, a 


during the winter the soil is saturated with water for longer periods, but the temperatures : 
usually too low for active bacterial growth. 

Rossi has suggested that the number of bacteria colonies in soil remains fairly consta: t 
throughout the year while the number of individuals in each colony fluctuates from season .o 
season. Optimum conditions for growth increase the colony size whereas during adverse con 
tions the size decreases. 

Bacterial counts were made on University soil at intervals throughout the year in order 


detect any variation due to seasons. Tables 4 and 5 give the numbers of Azotobacter an: 
Clostridia found. 


TABLE 6. 


Daily Variations in Azotobacter in University Soi. 


Soil moisture Soil Average number of Azotobacter 
Date of content. temperature per gram of soil. 
sampling. %. m °C. Colonies. Individual cells. 
27/6/1938 13-9 8-8 13 214 
28/6/1938 14-5 8-7 25 23 
29/6/1938 15-9 9-1 24 28 
30/6/1938 15-7 8-3 28 97 
1/7/1938 15-4 8-7 48 57 
2/7/1938 16-8 8-1 53 63 
3/7/1938 17-0 8-3 19 S 


Number of replications: 4. 


Minimum percentage difference between counts for significance 60 p.c. 


TABLE 7. 


Daily Variations in Clostridium butyrieum in University Soil. 


Soil Soil Average number of Cl. butyricum per gram of soil. 
Date of content. temperature Spore Mixed spore Individual Individual 
sampling. %. in °C, colonies. and cell colonies. spores. spores and cells. 
27/6/1938 13-9 8-8 238 400 692 697 
28/6/1938 14-5 ‘7 284 254 680 466 
29/6/1938 15-9 9-1 251 134 404 533 
30/6/1938 15-7 8-3 162 171 396 1,485 
1/7/1938 15-4 8-7 329 165 686 490 
2/7/1938 16-8 8-1 325 260 640 540 
3/7/1938 17-0 8-3 307 249 900 900 


Number of replications: 4. 
Minimum percentage difference between counts for significance 60 p.c. 


It will be noticed in Table 6 that the number of Azotobacter varies considerably throughout 
the year. During the dry summer the colonies and individual cells are few in number while during 
the moist conditions of the remainder of the year they are fairly abundant. The ratio of number 
of individual cells to the number of colonies has been used as an indication of the approximate 
number of Azotobacter cells in each colony and it will be seen that this figure fluctuates from 
0 during the summer to 4 during the autumn. The counts of Cl. butyricum are not so variable as 
the Azotobacter, Nevertheless seasonal fluctuations exist there also. It appears that vegetative 
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cells are rarely present and that Clostridia exist in the soil as spores waiting favourable conditions 
to germinate. The ratios indicate that the spores occur in groups of one to three. 

In addition to seasonal variations in counts there are probably monthly, weekly, daily, and 
even hourly fluctuations. The question of daily changes was investigated by making counts on a 
mall plot of soil at the University. A composite sample of six cores taken to a depth of six inches 
was analysed daily for one week and counts made of the nitrogen-fixing bacteria. Light rain 
fell each day during the whole experiment. The results appear in Tables 6 and 7 where moisture 
content, temperature of the soil at a depth of three inches recorded at 9 a.m, and bacterial counts 
are set out. 

There was a gradual increase in the moisture content of the soil as the rain continued to fall 
from day to day, but the soil temperature remained low and fairly constant. Large variations 
occurred in both Azotobacter colony and individual cell counts not obviously correlated with 
either percentages of moistuie or soil temperature. The number of individual organisms and 
colonies of Cl. butyricum fluctuated daily and the ratio of one to the other ranged from one to 
three suggesting that the colony size changed during the experiment. 

The bacterial variations occurring throughout the vear must be considered when interpreting 
the counts obtained from single samples in the survey. 


, 


3. Storage of Soil Samples. 


The soils were sampled to a depth of 6 inches, collected in air-tight tinned canisters and 
despatched to the laboratory. Here they were stored at room temperature until bacteriological 
analyses were made. In order to find the effect of storage upon the number of Azotobacter, 
series of counts were made from time to time on a sample of University soil kept in a canister 
from the outset of the research. Table 8 sets out the mean number of colonies per gram of soil 
and the coefficients of variation calculated from the counts of plates replicated 10 times. 


TABLE 8. 


Influence of Storage on Azotobacter in University Sot. 


Average number of Azotobacter Coefficient of 
Date of counting. colonies per gram of soil. variation of the mean. 
28/9/1937 6-5 46% 
30/11/1937 5-0 46% 
3/12/1937 2-8 43% 
10/12/1937 3-9 33% 


Number of replications: 10. 


Minimum percentage difference between counts for significance 25 p.c 


It is apparent that the Azotobacter colony count varies only slightly during storage in an 
air-tight tin at room temperature. Nevertheless this is another source of error which must be 
considered in connection with the results of the survey. The most reliable technique was used, 
but in spite of every precaution taken to obtain the most accurate counts, the coefficient 
of variation for the mean of 10 plates was approximately 40 p.c., suggesting that the small 
quantity of soil used as inoculum was not a representative sample of the whole. 


4. Effect of the pH of the medium on bacterial counts. 


The pH cf all soil samples was measured electrometrically by the quinhydrone method 
using platinum electrodes. It was thought that the media used for counting should have the same 


hydrogen ion concentration as the soil under investigation. The presence of excess calcium 
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carbonate in the medium automatically brought its pH to the value of 8-2, and in order to obta 
a medium of various hydrogen ion concentrations the caleium carbonate was omitted and sodiu 
hydroxide or sulphuric acid added. 

However, numerous workers after long experience had shown that Azotobacter grew be 
on a medium containing free calcium carbonate and no further investigation was undertaken on 
this subject. 

An experiment was designed to show the effect of the hydrogen ion concentration of gluco 


agar on the counts of Clostridium butyricum in two- soils having pH values of 6-7 and 7-0. 
Weighed amounts of soil were sprinkled over the surface of media at three different pH valu 
6-0, 7-0 and 8-0. Table 9 gives the counts for the twd samples of the spore colonies growing ou 
the three media. 


TABLE 9. 


Influence of Hydrogen Ion Concentration of Glucose Agar on Counts of 
C. butyricum in Two Soils. 


Average number spore 
colonies of Cl. but yricum 


Locality. Soil type. pH of medium. per gram of soil. 
Werribee Black clay-loam 6-0 191 
chernozen-like 7:0 145 
8-0 155 
University Grey sandy-podsol 6-0 80 
7-0 100 
8-0 99 


Number of replications: 4. 


Minimum percentage difference between counts for significance 60 p.c. 


No significant differences in numbers of bacteria were obtained for soil from either Werribee 
or the University at the various hydrogen ion concentrations of the media. In the present work 
the pH of the glucose agar was not made to equal that of the soil and calcium carbonate was 
always added to prevent the accumulation of free acids during the growth of the organisms. 


5. Faults in technique. 

Soil is a heterogeneous material consisting of different-sized particles and there are diffi 
culties in sub-sampling and weighing out small quantities to sprinkle over a plate. The smaller 
the amount of inoculum used the greater the inaccuracy of the counts obtained and probably 
0-25 gm. is not enough to give reliable figures. Large aluminium plates allowed the use of larger 
numbers of soil particles spaced wide enough apart to give discrete colonies. The number of 
particles (20-40 mesh fraction) present in 1 gm. of sandy soil was found to be approximately 
3,000 while the figure for a clay soil was 4,000 and the different number of particles present in 
the various types of soil used in the survey may influence the number of bacterial colonies develop- 
ing from them. Curie (1931) showed, however, that graded particles (20-40 mesh fraction) 
gave more uniform results than an inoculum of normal soil. 

The preparation of soil-water suspension for plate-dilution-counts presents a major difficulty. 
In this investigation it was found impossible to pipette suspensions any more concentrated than 
one in ten, as otherwise the soil would settle to the bottom too rapidly. Batchelor (1936) has 
investigated the time of shaking required to disintegrate soil colonies. Vigorous shaking for 
10 minutes in a horizontal cradle-type of machine (250 shakes per minutes; length of shake 
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2 inches) was adopted as a standard routine in this laboratory because it gave counts that 
could be repeated. When organisms were rare, the degree of dilution of the suspension materially 
affected the counts. Often the number of individual cells obtained by the plate dilution method 
was very much below the number of colonies found by the method of sprinkling soil particles 
over the surface of media. This was obviously quite an impossibility in actual fact, the dis- 
crepancy lying in the serious errors involved in pipetting a small quantity of inoculum. 

The errors involved in each of the six counting methods used throughout this research were 
investigated statistically. University soil was used as inoculum in the preparation of twenty 
parallel plates and Petri dishes by each technique. After incubation the colonies occurring 
on each culture were counted, the mean number determined for the twenty replicates of each 
method and the standard deviation of the means estimated. The coefficient of variation of the 
mean was calculated for each of the six methods and as the values varied between 22 p.c. and 
25 p.c., the highest figure was used in order to simplify calculations. 

Throughout the research the number of replicate experiments varied considerably and this 
affects the accuracy of the counts, a mean of a large number of replicates being more reliable than 
a mean of a small number. It is frequently necessary to know whether the difference between 
two mean counts is significant or not and ‘‘Student’s’’ ‘‘t’’ test was used to determine this. 

In Table 10 the minimum difference between two mean counts (expressed as a percentage 
of the smaller) which may be regarded as significant has been calculated for various numbers of 
replications, based on the assumption that the coefficient of variation of the mean is approxi- 
mately 25 p.c. for each method and for all soils in the survey. The figures were calculated for two 
standards of significance, viz. a probability of 0-05 and a probability of 0-01. 


TABLE 10. 


Significant Differences between Mean Counts with Varying Numbers of 
Replications. 


Minimum percentage difference between means for significance. 


Number or replications. P. = 0-05 P.= 0-01 
2 350 — 
3 80 230 
4 60 110 
6 40 60 
10 25 38 


If the caleulated percentage difference between the means does not exceed the value given 
opposite the number of replications in the above table then the two means are not significantly 
different. 

At the foot of the tables througheut this paper the number of replications and the minimum 
percentage difference between the means necessary for significance (P = 0-05) are given, so that 
a comparison may be made of either the counts of different soils or the counts obtained by different 
techniques after a small mental calculation. 


EXPERIMENTAL RESULTS OF SURVEY. 


Eighty soil samples were collected from various places throughout Victoria, 
notes were taken concerning their texture and pedological type, and routine deter- 
minations made for moisture content and pH. Azotobacter counts were obtained 
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for all samples, while the numbers of Cl. butyricum were found in fifty-seven us- 


ing the technique previously described. 


Tables 11 and 12 give descriptions of the soils sampled, and show counts of 
Azotobacter and Cl. butyricum respectively, arranged in approximately descend- 


ing order of magnitude. 


Ratios of the number of individual cells to the number 


of soil colonies have been used as a slight indication of the average number of or- 
ganisms per colony. These ratios are by no means accurate, because in all proba- 


bility some colonies contain hundreds of organisms while others only consist of 


one or two individuals, and the artificiality of a ratio masks these various sizes. 


TABLE 11. 


Azotobacter Counts of Victorian Soils (Arranged in Approximately Descending 
Order of Magnitude). 


Locality. 
Redeliffs 
Hampton 
Junetion Basin 


Lilydale 
University 
University 
Werribee 
Anglesea 
Northeote 
Dromana 


Goulburn Valley 


Warburton 
Warragul 


Berwick 
Cranbourne 
Somerton 
Geelong 
Ararat 
Epsom 
Wychitella 
Charlton 


Werribee 
Donald 
Kyneton 
Berwick 
Horsham 
Ferntree Gully 
Horsham 
Mitcham 
Ivanhoe 
Preston 
Ocean Grove 
Lang Lang 


Description of soil. 

Colour and texture. 

Red brown sand 

Grey sand, limed 

Chernozen-like black clay 
on basalt 

Black clay on basalt 

Grey sandy loam, limed 

Grey sandy loam, limed 

Black clay on basalt 

Red sand, limed 

Yellowish grey loam 

Grey sand 

Red brown loam 

Grey brown loam 

Black clay derived from 
basalt 

Yellowish grey loam, limed 

Grey sand 

Black clay on basalt 

Grey sand, limed 

Grey sand 

Black loam, rich in humus 

Red brown loam 

Red brown loam 


Red brown clay-loam 
Grey clay, self-mulching 
Chocolate loam on basalt 
Black clay-loam on basalt 
Reddish-brown loam 
Grey loam 

Black friable clay 

Grey loam 

Grey loam 

Grey clay-loam on basalt 
Greyish brown sand 
Grey clay, peaty 


Group.* 
M. 
x 
C. 


= 


R.B.E. 
R.B.E. 


R.B.E. 


?R.L. 
C. 
R.B.E. 
<< 


£ 
,. 
r. 
LA. 


Soil 
pH 
8-8 
7°2 


7-0 


© ew 


an 
_— s 


el ee et Bd ed | 


° oe | 
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Ss 


or Ot Or Ooo oF 


Average number of 


Azotobacter 
per gram of soil. 


Individual 


cells. 
1,600 
800 
180 


50 
40 
30 
30 
30 
10 
5 
0 
0 
0 


Colonies. 


300 
70 
130 
35 


— me PS 


OS SS ee 


Ns 


5 43 GS 


Ratio: 
Individual 
cells 

Colonies. 
(to nearest 
integer). 


5 
11 
1 


CU met OS peek et et 

















Locality. 
Kooweerup 
Strezlecki 
Lorne 
Warragul 
Bamawn 
Euroa 
Bunyip 
Echuca 
Dandenong 
Marysville 
Rutherglen 
Kilmore 
Wangaratta 
Calivel 
Seymour 
Power’s Lookout 
Yarrawonga 
Benalla 
Albury 
Chiltern 
Wonthaggi 
Nathalia 
Tatong 
Wodonga 
Hall’s Gap 
Research 
Stawell 
Kallista 
Nar Nar Goon 
Emerald 
Anglesea 
Carlton 
Kallista 
Christmas Hills 
Silvan Dam 
Maroondah 

Reservoir 
Long Gully 
Nyora 
Yarra Glen 
Acheron Way 
Bacchus Marsh 
Donald 
Donald 
Moorabbin 
Williamstown 
Longerenong 
Longerenong. 
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TABLE 11 (continued). 


Description of soil. 


Colour and texture. 
Black clay, peaty 
Light grey sand 
Grey sand 
Red loam on basalt 
Red brown loam 
Grey loam 
Grey sand 
Red brown loam 
Grey sand 
Brown humic loam 
Red brown loam 
Brownish grey loam 
Grey loam 
Red brown loam 
Red brown loam 
Red brown loam 
Red brown loam 
Grey loam 
Grey loam 
Grey loam 
Grey sand 
Red brown loam 
Red brown loam 
Grey sand 
Grey sand 
Grey loam 
Grey sand 
Brown humic loam 
Grey loam 
Brown humic loam 
Red sand 
Yellow grey loam, garden 
Brown humic loam 
Yellow grey loam 
Brown humic loam 
Brown humic loam 


Grey loam 

Grey sand 

Grey loam 

Brown humic loam 
Black clay loam 
Red brown loam 

Red brown loam 
Grey sand 

Grey loam on basalt 
Grey-black clay, friable 
Red brown loam 


Group.* 
I.A. 
P, 
P. 
R.L. 
R.B.E. 


< 
R.B.E. 
r. 
F.B.E. 
R.B.E. 
L 
r. 
R.B.E. 
R.B.E. 
R.B.E. 
R.B.E. 
P. 
i 
. 
£ 
R.B.E. 
R.B.E. 
P. 
r. 
r. 
F.B.E. 


R.B.E. 
R.B.E. 
. 

?. 
C. 
R.B.E. 


Soil 
pH 
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] 


Be DOOD 
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* Major soil groups or zones: C = Chernozen-like; F.B.E. 
ture; I.A.= Immature alluvium; M. = Mallee; P. = Podsol; R.B.E. = Red brown earth. 


Number of replications: 3. 


Minimum percentage difference between counts for significance 80 p.c. 


Average number of 
Azotobacter 
per gram of soil. 

Individual 


cells. Colonies. 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 


Ratio: 
Individual 
cells 

Colonies. 
(to nearest 
integer). 
0 
0 
0 





0 


0 
0 
0 
0 
0 


= Forest brown earth; I= Imma- 
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TABLE 12. 


Clostridium butyricum Counts in Victorian Soils (Arranged in Approximatel 
Descending Order of Magnitude). 


Locality. 


Tatong 
Werribee 
University 
Kallista 
Werribee 
Wangaratta 
University 
Calivel 
Horsham 
Nathalia 
Junction Basin 
Somerton 
Carlton 

Ocean Grove 
Ferntree Gully 
Emerald 
Warragul 


Wodonga 
Kyneton 
Geelong 

Nar Nar Goon 
Berwick 
Horsham 
Preston 
Cranbourne 
Bamawn 
Wychitella 
Ivanhoe 
Kooweerup 
Echuca 
Redcliffs 
Charlton 
Donald 
Yarrawonga 
Berwick 
Benalla 
Mitcham 
Power ’s Lookout 
Marysville 
Lang Lang 
Rutherglen 
Seymour 
Research 





Description of soil. 
Colour and texture. 


Red brown loam 

Black clay on basalt 
Grey sandy loam, limed 
Brown humic loam 

Red brown clay-loam 
Grey loam 

Grey sandy loam, limed 
Red brown loam 

Black friable clay 

Red brown loam 


Black friable clay on basalt 


Black clay on basalt 

Yellow grey loam, garden 

Greyish brown sand 

Grey loam 

Brown humic loam 

Black clay derived from 
basalt 

Grey sand 

Chocolate loam on basalt 

Grey sand, limed 

Grey loam 

Black clay-loam on basalt 

Reddish brown loam 

Grey clay-loam on basalt 

Grey sand 

Red brown loam 

Red brown loam 

Grey loam 

Black clay, peaty 

Red brown loam 

Red sand 

Red brown loam 

Grey clay, self mulching 

Red brown loam 

Yellow grey loam, limed 

Grey loam 

Grey loam 

Red brown loam 

Brown humic loam 

Grey clay, peaty 

Red brown loam 

Red brown loam 

Grey loam 





Group.* 


R.B.E. 
C. 

a 
F.B.E. 
R.B.E. 
r. 

I. 
R.B.E. 


ee. 
?R.L. 
r. 
<< 


Soil 
pH 
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2 Spore colonies, 


= 


Average number of 


per gram of soil. 


Cl. butyricum 


£ 
R= a? 
1,640 720 
920 670 
880 780 
300 876 
760 =608 
1,040 440 
640 400 
840 1,080 
720 770 
300 = 636 
440 462 
480 648 
720 412 
720 = 300 
200 43=224 
220 356 
480 150 
460 262 
320 420 
230 8 §=©402 
100 §=376 
140 320 
240 552 
200 =480 
400 204 
40 386 
80 320 
280 472 
140 178 
160 376 
200 ~=300 
130 116 
80 396 
440 90 
80 384 
120 400 
80 § 120 
120 170 
120 62 
80 72 
80 151 
60 52 
40 134 


Ratios 


(to nears 
integer ) 


£ } 
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Individual spores 
Individual spores 
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Individual 
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110 
240 
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700 
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280 
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240 
280 
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120 
124 
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140 

80 
360 
200 
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cell colonies. 














Locality. 


Chiltern 
Hall’s Gap 
Warragul 
Hopetoun 
Albury 
Euroa 
Dandenong 
Kilmore 
Strezlecki 
Lorne 
Kallista 
Bunyip 
Stawell 
Wonthaggi 
Anglesea 
Ararat 


NITROGEN FIXATION IN 





SOILS 


TABLE 12 (continued). 


Description of soil. 


Colour and texture. 


Grey loam 

Grey sand 

Red loam on basalt 
Red sand 

Grey loam 

Grey loam 

Grey sand 
Krownish grey loam 
Light grey sand 
Grey sand 

Brown humic loam 
Grey sand 

Grey sand 

Grey sand 

Red sand 


Grey sand 


* Major soil groups or zones: C 


= Red loam. 


Number of replications: 2. 


Minimum percentage difference between counts for 


Group.” 


£ 
P. 
R.L. 
M. 
P. 
< 
r. 
x 
ft 
F.B.E, 
. 
x 
P. 


P. 


= Chernozen-like; F.B.E. 
ture; I.A. = Immature alluvium; M. = Mallee; P. 


Soil 
pH 
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Average number of 
Cl. butyricum 
per gram of soil. 


gs 
. — 
g$ 2 §. 
| 2 e¢ 
g & SF 
36 80 22 
0) 60 252 
96 10 110 
72 40 120 
14 120 26 
6 40 16 
40 20 40 
12 40 s 
6 40 4 
40 7 20 
34 10 14 
32 0 28 
16 0 2 
6 0 4 
6 0 0 
2 0 6 


significance 350 p.c. 


Individual spores 


and cells. 
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Ratios 
(to nearest 
integer). 


Individual spores. 
Spore colonies. 


Individual spores 


and cells. 


rr! Mixed spore and 


160 
160 3 
80 0 
60 1 
240 9 9 
40 7 2 
60 1 1 
0 3 0 
20 7 5 
0 Oo 0 
10 0 1 
0 Oo 0 
0 #O 0 
0 oO 0 
0 0 0 
0 0 0 


= Forest brown earth; I = Imma- 
= Podsol; R.B.E. = Red brown earth; R.L. 


It appears from Table 11 that of the 80 soils examined for Azotobacter, 21 
(26 p.c.) contained them, and of these only eight possessed more than 30 individual 
cells per gm. of soil. The samples collected from Redcliffs and Hampton were rich 
in Azotobacter; Junction Basin had a fairly high count; Lilydale, University, 
Werribee (black) and Anglesea were medium; while the remaining 13 contained 
only a few isolated organisms. 


The commonest species of Azotobacter present in 
the soils examined was Azotobacter chroococcum, but occasionally others appeared 


in the cultures. This comparative rareness was quite in opposition to the findings 


of European workers but in agreement with many of the American writers. 


The 


ratio of individual Azotobacter cells to colonies varies from 0 to 11, suggesting that 
the organisms occur only in small clumps. 


No obvious correlation was found to exist between the number of Azotobacter 
and soil pH ; however, where the organisms do occur there is a general tendency 


for high counts to be found in samples having a pH value higher than 6-0. 


Other 


workers have shown definitely that Azotobacter are very rare in soils with pH 


values below 6-0, and this is also true for the Victorian soils sampled. 


There does 








eell colonies. 
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not appear to be any obvious reason why all the Victorian soils with pH values 
above 6-0 should not contain aerobic nitrogen fixers. 

Table 12 indicates that all 57 samples contained Cl. butyricum, the majority 
giving high counts, while only a few soils gave less than one hundred individual 
cells and spores. It is quite apparent that Cl. butyricum exists in the soil mainly 
in a dormant spore form, as the difference between the counts for individual spores 
and cells, and individual spores is rarely very large. The two columns giving 
ratios of individual organisms to colonies indicates that the colonies are small, 
varying between one and nine and on the average one or two organisms per colony- 
clump. The number of Cl. butyricum is far above the number of Azotobacter in a 
soil. 

The data in Table 12 show that the pH value of the soils varied from 8-2 to 
4-1, and that no correlation appears to exist between the counts of Cl. butyricuin 
and the hydrogen ion concentration of the samples, except a slight tendency for 
organisms to be few in very acid soils. Cl. butyricum is more tolerant of acidity 
than Azotobacter, and the limiting pH value is about 5-0 in Victorian soils. 

The presence or absence of aerobic conditions should influence the growth of 
Azotobacter and Clostridia. It was considered that the porosity of the soil might 
be a measure of aeration, and texture was chosen as an indication of porosity. The 
soils containing bacteria were divided into five groups, sandy, sandy-loam, loam, 
clay-loam, and clay, ranging from soils of light texture and well aerated, to soils 
of heavy texture and poorly aerated or even anaerobic. 

There was no conclusive evidence that the poorly-aerated soils such as clay 
and clay-loam were more deficient in Azotobacter or richer in Cl. butyricum than 
the better-aerated types like sand, sandy loam and loam. 

None of the factors, except perhaps pH, seemed to influence bacterial counts 
appreciably. During the major portion of the year the soil in most places is suffi- 
ciently aerated to allow the growth of Azotobacter, but probably prevents the de- 
velopment of the obligate anaerobe, Cl. butyricum, unless it lives symbiotically 
with an aerobe. An experiment was conducted to discover the effect of water- 
logging a soil on the nitrogen-fixing Clostridia. A sample of University soil was 
collected in the spring, fresh from the field, and the moisture content determined. 

Half was placed in a Petri dish and the remainder saturated with water and 
put into a long test-tube with a stopper at the bottom end. Both were kept with 
a constant moisture content at room temperature for 10 days, after which counts 
of Cl. butyricum were made by the plate-dilution method. The results of the ex- 
periment are tabulated in Table 13. 

The water in the aerobic soil was 14 p.c. and in the waterlogged anaerobic soil 
28 p.c. After 10 days the moist soil had quite a normal odour while the soil satu- 
rated with water smelled slightly of butyric acid, indicating that Cl. butyricwm 
had developed. The counts for the two samples were significantly different, the 
number of spores and cells under the anaerobic conditions being in excess of the 











NITROGEN FIXATION IN. SOILS 421 


number under aerobic conditions. Further experiments are planned to determine 
the optimum percentage of moisture and oxidation-reduction potential of the soil 
required for the growth of Cl. butyricum. 


TABLE 13. 


Effect of Waterlogginy on Cl. butyricum in Unwwersity Soil. 


Average number of Clostridia 
per gram of soil. 


Soil moisture Individual Individual 
Treatment of soil. content p.c. spores. spores and cells. 
Moist aerobic soil 14-0 220 840 
Waterlogged anaerobic soil 28-0 680 1,280 


Number of replications: 4. 


Minimum percentage difference between counts for significance 60 p.c. 


DISCUSSION. 


The techniques for bacterial counts used throughout the investigation are 
probably the best available, but even so they are subject to very large errors, mak- 
ing accurate figures impossible. The results must be treated as roughly quanti- 
tative until further statistical analysis has been made. However, the survey has 
supplied some interesting features of the occurrence of nitrogen-fixing bacteria 
and the influence of certain physical factors. 

In Europe much importance has been attached to the réle of Azotobacter as a 
nitrogen-fixer, but in view of its comparative rareness in the soils surveyed, this 
is probably not the case in Victoria. The relatively dry conditions with a very 
seasonal rainfall are probably not conducive to bacterial growth except during 
spring and autumn when favourable temperature and moisture conditions occur. 
It is difficult to understand how such small numbers of Azotobacter could fix 
enough nitrogen for crops under the prevailing climatic conditions. 

Various Clostridia are normally present in all soils, and Cl. butyricum has 
been claimed as an important nitrogen-fixing organism in irrigated rice-fields. It 
is strange that all the samples examined in the survey should give relatively high 
numbers of C/. butyricum considering the comparatively dry climate and the ab- 
sence of irrigation. Possibly under semi-arid conditions the spores lie dormant 
until a heavy rain produces an anaerobic environment by waterlogging the soil, 
and promotes their germination. Victorian agricultural soils are saturated with 
moisture for only short periods, and the rate of fixation would have to be enormous 
to supply the plants’ requirements. The only other way that Cl. butyricum could 
grow in a normally aerated soil would be in association with a strong aerobe which 
might modify the oxidation-reduction equilibrium (Eh) sufficiently to enable the 
development of the anaerobe. The fact that vegetative Clostridium cells are not 
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often present suggests that this does not frequently oceur. Further work is re- 
quired on the physical factors of the soil necessary to produce low oxidation- 
reduction potentials suitable for the development of anaerobes. 

Numerous research workers have shown that Azotobacter respond to the ap- 
plication of phosphates. Australian soils are very low in natural phosphates, and 
this may in part explain the complete absence of the organism in the majority of 
the samples examined. Superphosphate is applied as a regular farming practice, 
and this may benefit Azotobacter in agricultural soils, but at present no results 
are available. 

Rossi and others (1936) have suggested that only rarely do bacteria occur as 
individuals in the soil, existing more often in colony clumps which increase or de- 
crease in size according to the suitability of conditions. In the ease of Azotobacter 
and Cl. butyricum under Victorian conditions this is probably not correct, free 
individual cells being more numerous than colonies. 

The occurrence of nitrogen-fixing organisms in samples with very low pH is 
peculiar in view of the established fact that Azotobacter prefers a pH value above 
6-0. The Azotobacter under these soil conditions of relatively high hydrogen ion 
concentration may be very resistant strains. A more probable explanation lies in 
the heterogeneous nature of soil where grains of calcium carbonate may occur and 
produce local patches of high pH suitable for Azotobacter growth. 

The investigation has not been able to show a definite correlation between the 
fertility of a soil and its population of nitrogen-fixing bacteria, but further work 
may help to clarify the importance of these bacteria in helping to maintain a 
nitrogen cycle. 


SUMMARY. 


A survey has been made of the numbers of Azotobacter and Clostridium but y- 
ricum in a comprehensive range of Victorian soils. 

The number of errors involved in a bacteriological count of a soil make aceu- 
rate results impossible, and any technique is only roughly quantitative. 

Azotobacter are comparatively rare in Victorian soils; of the 80 samples ex- 
amined, 21 (26 p.c.) contained the organism, and of these only eight had more than 
30 individual cells per gm. of soil. The number of organisms in a colony is very 
small, ranging from 1 to 11 approximately. 

Cl. butyricum is present in fairly large numbers in Victorian soils; of the 57 
samples analysed the majority possessed over 100 spores per gm. of soil. The 
number of vegetative cells is very small, the bacteria existing mainly as dormant 
spores. The number of individuals in a colony is small, ranging from one to nine 
approximately, and consisting of spores. 

The hydrogen ion concentration of the soil did not have any obvious effect on 
the counts of Azotobacter and Cl. butyricum, although in the case of Azotobacter 
there was a tendency for the high counts to occur in soils with a pH above 6-0. 
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The texture of a soil, used as a measure of porosity and degree of aeration, did 
not obviously affect the number of colonies of Azotobacter or Cl. butyricum. 

Waterlogging a soil promoted anaerobic conditions and increased the number 
of spores and cells of Cl. butyricum. 
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STUDIES IN RESPIRATION 


1. A SIMPLE METHOD FOR THE INVESTIGATION OF FRACTIONAL 
SAMPLES OF EXPIRED AIR. 


by 
F. 8S. COTTON! 


(From the Department of Physiology, University of Sydney). 
(Submitted for publication 25th September, 1939.) 


INTRODUCTION. 


During the year 1916 some work was carried out in the Department of Physi- 
ology, University of Sydney by Pinkerton (1917), to verify Haldane’s findings in 
regard to expired air, namely that with increase of the depth of expiration the 
composition tended progressively toward a constant value which he interpreted as 
representing the composition of alveolar air. The method employed in Sydney 
was to extend the Haldane-Priestley procedure for obtaining a single sample in 
two ways: (a) To use a very long tube suitably tapped by T-pieces for the purpose 
of obtaining multiple samples; and (b) To reduce as far as possible the mixing of 
the ‘‘advancing front’’ of the expired air with the air already in the tube. 

During the course of these experiments the present writer was called upon to 
act as subject on a couple of occasions. In one of these experiments the analysis 
(which was not carried to the point of accuracy nowadays characteristic of this 
type of work) showed a higher oxygen percentage in the terminal sample of the 
expired air than in the penultimate sample. 

The difference from the expected result seemed possibly significant to the writer, but those 
engaged in the research dismissed the matter as merely an experimental error. With an idea of 
the bare possibility of this representing a new fact, the writer noted the date and carefully kept 
the record, with the intention of carrying out some experiments in this matter at a later date. 
Some seventeen years later (in 1933) after returning from work abroad on Grollman’s method 
for cardiac output, and continuing the same in Sydney, a growing conviction arose that some 
physiological factor was responsible for certain types of discrepancy in the determination of the 
arterio-venous oxygen difference. Comparing these discrepancies with the anomalous indication 
of the above mentioned rejected alveolar analysis, it seemed possible that both types of anomaly 
might be due to a common cause, such as some irregularity in the concurrent processes of ventila- 
tion and blood flow through the lungs. 

It was therefore decided to investigate further the changes in composition of 
air as it is progressively expired from the lungs. 











1 This work was carried out under a grant from the National Health and Medical Research 
Council. 
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Some preliminary work carried out in this regard yielded encouraging re- 
sults, and on varying the conditions invariably revealed this paradoxical increas- 
ing O» gradient, as the depth of the expiration proceeded beyond a certain depth. 
The quantitative aspect of the phenomenon placed it well beyond the possibility 
of error in technique. 

At the outset two clearly defined types of method for fractionating expired air 
suggested themselves. 

(a) A method which ensured that each successive sample of expired air ob- 
tained should be free from admixture with the portions immediately pre- 
ceding and immediately following it. 

(b) A method which permitted a certain amount of such admixture, the ex- 
tent of which could be accurately determined. 

While (a) seems at first sight to present such advantages over (b) as to war- 
rant disregarding the latter, it also has several grave disadvantages. Methods of 
type (a) would necessitate some array of sampling receptacles, arranged reason- 
ably closely to the mouth and provided with capillary connecting tubes, either 
filled with mercury, or much restricted in bore so as to reduce the ‘‘dead space’’ of 
the system. This represents the general method adopted by previous workers. 
Thus Roelsen (1939), who used the apparatus of Nielsen & Sonne (1932), has sum- 
marized previous work in this field, and states that this apparatus (which yields 
six samples of expired air) permits of ‘‘dividing alveolar air into still more frae- 
tions than has been done by previous investigators’’. 

Two distinet disadvantages have resulted from such a technique. Firstly 
there is a radical limitation in the number of samples that can be obtained, since 
each must be taken by the separate operation of a tap, and secondly a definite re- 
duction in the speed of expiration, on account of the resistance offered by the small 
bore of the mercury-filled connecting tubes. In the present investigation the re- 
duction in speed might prove to be a crucial matter, inasmuch as gaseous exchange 
is exceedingly rapid within the lungs, and for many experiments an almost instan- 
taneous expiration might be essential. Further the desirability of extending the 
technique to the obtaining of twenty or more samples from one expiration seemed 
clearly indicated if any phenomenon of ‘‘reversed O. gradient’’ were to be ex- 
plored in detail. 

For these reasons, therefore, methods of type (a) were avoided, and type (b) 
was investigated because it offered possibilities of abundant samples and very 
short time minima for expiration. 

The possibility was tested of obtaining reliable data from the simple tech- 
nique of breathing into a long tube and sampling from T-pieces. This would be 
successful only if either of two conditions could be fulfilled : 


‘ 


1. That a moving gas column ‘‘adequately’’ flushed the tube clear of the 
original gas, and that the mixing of the ‘‘forefront’’ of the expired air 
with the tube air could be ‘‘adequately’’ reduced. 
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2. That the results obtained by the ‘‘flushing-out’’ process should be so con- 
stant that the percentage of original gas remaining in the tube after the 
process is completed might ‘‘accurately’’ be calculated. 

It is clear from the above that the significance of ‘‘adequately’’ and ‘‘aceur- 
ately’’ in the foregoing is strictly quantitative, so that variations in the data ob- 
tained must be rigidly compared with the extent of the phenomena found. Since 
the basic idea was to find out to what extent a given volume of one gas would 
‘*flush out’’ a second gas by driving it along a tube, it was necessary that one of 
the gases should be easily and accurately analysed. Thus we might fill the tube 
first with CO., displace this in turn by driving in a known volume of air, and then 
measure the percentage of CO. at intervals along the tube; or, on the other hand, 
CO. might be employed to drive air forward through the tube. In either case the 
obtaining of reasonably constant figures could afford a basis for calculation, to 
determine to what extent progressive fractions of expired air would be contami- 
nated by atmospheric air, when the former was expired into a long tube under con- 
stant conditions. The contamination proved to be remarkably small, beyond even 
an optimistic anticipation, so that when a given sample of alveolar air was cor- 
rected for admixture with atmospheric air, the result obtained could only differ 
from the true figure by a very small percentage representing the error fraction of 
an already small percentage. 

In commencing these ‘‘ flushing-out’’ experiments, the chief point at issue was 
to discover how best to modify the immediately advancing front of the displacing 
gas in order to minimize mixing with the gas displaced. As a starting point it 
seemed advisable to build upon the experience of others, and, as the ‘‘spike’’ 
phenomenon? of a moving column of gas had been well explored by Henderson, 
further experiments based upon his findings were indicated. 

The most obvious procedure seemed to be to break up the ‘‘spike’’ formation 
and develop something more nearly approaching a cylindrical piston front. In 
ihe original Sydney experiments of 1917 the workers had, to this end, packed the 
first three inches of the tube with glass wool. In the present investigation, how- 
ever, a few experiments with this method demonstrated that the resistance to air 
flow so introduced would preclude the possibility of obtaining quick expiratory 
samples, so that this procedure was forthwith abandoned. 

In the setting-up of a long tube or a series of connected units there were 
several factors to be considered: the volume of the system; the diameter of the 
tubes ; the length of each of the units to be connected to its neighbour by a T-piece 
suitable for sampling. 

While it is better to reduce the diameter of the tubes in order to minimize 
longitudinal admixture and also diffusion, it is better to have a larger diameter to 
reduce the resistance which might impose a serious limit on the speed of expiration 


2 Henderson (1915) has amply demonstrated in a variety of ways that when a column of mov 
ing gas displaces another gas in a tube, the former is preceded by a long axial ‘‘spike’’ with a 
progressively broadening base. 
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in certain critical experiments. After some preliminary trials it was decided to 
select a tube of approximately 9 mm. internal diameter so that units of 100 e.c. 
volume would be of the order of 150 cm. in length. With such long units, diffusion 
effects must be negligible within the time required for sampling. It was decided 
in the first case to examine portions of the expired air about 1,000 to 1,200 e.c. at a 
time. 

The volumes of the tube units were finally adjusted accurately to 100 ¢.c., by 
carefully measuring the volume of some eleven metres of tubing and cutting into 
sections so that when connected by the T-junctions the small volume of the latter 
was allowed for. 

The T-junctions were of the same calibre as the tubing, while the T-branches 
for sampling were of capillary bore. The general arrangement is shown in Fig. 1. 
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Pig. 1. Showing arrangement of tube units and also type of baffle employed. 


Flushing-out Experiments. 

Since the validity of the phenomena to be described in later papers depends 
on the reliability of the technique employed, the details concerned must be given in 
full. 

Each of the experiments was carried out on the following general lines, with 
some special modifications from time to time. 


1, The tube units were connected together in one long line and the farthest end was connected in 
turn to a long rubber guard tube leading into a water-sealed spirometer. This spirometer 
was arranged to write upon a drum driven by an electric motor at constant speed, so that both 
the volume and speed of air flow could be subsequently measured. 

2. The sampling tubes were connected to the capillary side arms and filled with mercury in the 
usual way. 

3. The air in the tubes was displaced by COs, a surplus of this gas being run in from a cylinder 
into the proximal end of the system before connecting to the spirometer. 

4. The tube system was clipped at both ends by means of spring clips, here called respectively 
the proximal and distal clips. The guard tube was then connected to the spirometer. 

5. A rubber bag previously filled with about 1,200 ¢.c. of air was connected to the proximal end 
of the tube system. 

6. The spring clips were released, first the distal clip and immediately afterwards the proximal 


clip. An assistant started the drum as soon as the first clip was released. 
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7. With a minimum loss of time the tap of the rubber bag system was turned and medium pressure 
exerted on the bag to empty it. 

8. As soon as the bag was emptied the drum was stopped and the proximal clip reapplied. 

9. The samples were then taken one by one, commencing with the distal unit of the tube series 
and with the distal clip only released. 


This sampling procedure prevents any appreciable admixture of adjacent 
samples; and since, in addition, some experiments previously carried out to test 
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Fig. 2. Showing the effect of flushing out a tube originally filled with CO., by means of a 
volume of air equal to about twelve of the abscissa units. 
Ordinate. Percentage of CO, after flushing. 
Abscissa. Sections of the tube numbered from the flushing end. 
(A) Two circular gauze partitions in the first junction and one in the fifth junction. 
(B) Same gauzes as (A) above, ‘‘scolloped’’ peripherally, placed in first nine junctions. 
(C) Same as (B) but speed of air flow increased. 
(D) Same as (B) but about twice the volume of air driven through. 


diffusion effects indicated that these were also negligible from the present point of 
view, there remains as the only complicating factor the matter of mixing during 
the gas flow, which may be seen from the results to be relatively small. 

Each experiment involved the analysis of twelve samples. In all some 44 
experiments were carried out with a variety of procedures aimed at reducing the 
‘*spike effect’’. These included series in which (a) the inlet tube from the rubber 
bag to the tube system was alternatively smaller than or equal in bore to the tube 
system; (b) each connecting T-piece held a circular baffle made of wire gauze; 
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(ec) the gauze baffles were pierced by a central hole and scolloped round the peri 
phery as shown in Fig. 1; (d) these perforated scolloped gauzes were reduced ii 
number and placed in different positions; (e) certain of the gauze baffles were 
modified by tying threads of variable length round the centre of the hole, with the 
object of producing multiple fine flapping movements to disperse the axia! 
‘‘spike’’; (f) the speed of air-flow was varied, with baffles constant; (g) the 
rubber tubes were partly or wholly replaced by glass tubes; (h) some of the glass 
units were bent in a curve, or the tube units were arranged in zigzag fashion. 

The type of result obtained is illustrated by Fig. 2 and Table 1. 

In the later stages of the experiments when glass tubes were substituted for 
rubber tubes, a marked increase in the efficiency of ‘‘ flushing out’’ was obtained 
(Fig. 2b, Table 1). 


TABLE 1. 


Mean p.c. of Mean p.c. of COxz in 
CO, left in CQOz left in A B 
6 proximal 5 distal First Tenth 
Variation in the tube system. tubes. tubes. Unit. Unit. B-A 
Inlet bore slightly less than that 2-50 2-53 2-17 2-24 0-07 
of tube system. (No baffles) 
Inlet bore same as that of tube 2-02 2-16 2-01 1-99 —0-02 
system. (No baffles) 1-63 2-07 0-44 
Gauze partitions at each junction 1-55 1-75 1-63 1-40 0-23 
of units. (Tubes coiled) 
Gauze partitions at each junction 1-28 1-48 1-29 1-58 0-29 
of units. (Tubes straight) 
2 gauge partitions in Ist junc- 0-94 0-96 1-24 1-16 —0-08 
tion only. No others. 
Scolloped gauze baffles with cen- 1-60 1-80 0-96 1-30 0-34 
tral hole surrounded by fine 
thread ‘‘streamers’’. 
All glass units with double cross 0-16 0-31 0-16 0-27 0-09 
wires only at Ist and 7th june- 
tions. 
All glass units with gauze baffles 0-19 0-26 0-18 0-28 0-10 


at Ist and 7th junctions per- 

forated centrally and scolloped 

peripherally. on 
mean + 0-11 


Since these experiments gave the best results the glass tube units were adop 
ted for the applied work in obtaining fractional samples of expired air. 

The typical wave formation of these curves is interesting but irrelevant from 
the present point of view. Since these waves are so markedly reduced in the glass 
tube system, it is possible that the phenomenon is brought about in some way by 
lateral vibrations set up in the tube system. When attention is directed to the 
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scale of these ‘‘ waves of composition’’ it is evident that, in the final result at all 
events, the extent of ‘‘contamination’’ is not serious. 

A short summary of the chief stages in the work is given in Table 1. This 
shows how steady improvement was made in the efficiency of the flushing process 
with progressive modifications of the tube system. The Table shows, moreover, 
that even in the crudest form the tube system was very efficiently flushed out by a 
surprisingly small quantity of air. The percentage of CO. left in the tenth tube 
unit was very little more than that left in the first. This means that when about 
200 ¢.c. of air have passed along the tube pushing the CO. ahead, flushing is so 
thorough that another 800 ¢.c. produces extremely little improvement. Thus the 
table shows that the 800 ¢.c. following the first 200 ¢.c. remove only about 0-1 p.e. 
or about one-third of the CO. remaining. 

We can therefore confidently conclude that in the case of the applied experi- 
mental work involving the fractional examination of expired air the samples of 
these fractions will suffer no more contamination than one part in 300 of air. 


SUMMARY. 


An attempt has been made to obtain multiple samples of expired air by a 
simple reliable method. 

The general plan of the work was to use a simple set of tubes connected by 
T-junctions suitable for sampling, to fill these with CO., and test quantitatively 
the precise extent of the flushing-out when a measured quantity of air was driven 
through to displace the COs. 

A variety of baffles was employed to eliminate as far as possible the ‘‘advance- 
ing spike’’ of the flushing gas. 

A series of glass tube units was found to be much more efficiently flushed out 
than rubber tube units. The former were finally employed in a twelve unit system 
with the best type of baffle found. Each unit was 100 ¢.c. in volume, making 1,200 
e.e. in all. 

Evidence is adduced to show that, with this system, flushing is so thorough 
that when 1,200 ¢.c. of air are driven into it to displace CO. already present, not 
more than 0-3 p.e. of CO. is left behind in the first ten tubes. Variation in the 
speed of air flow does not make any significant difference to these results. 

It is concluded, therefore, that when expired air is breathed into such a 
system of tubes either slowly or quickly, any sample taken after the first 200 c.c. 
have passed a given point is of the same composition as when it left the lungs, 
within the error of the analysis. The correction is so small that it is barely worth 
making. 

This method is simpler than previous methods, and permits of more rapid 
expiration and the taking of more samples. Without any accessory apparatus (ex- 
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cept a measuring cylinder inserted in water placed to receive the far end of the 
tube) each sample can be accurately related to its precise volumetric position ir. 


the expiration. 
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2. ON THE OCCURRENCE OF AN APPARENTLY PARADOXICAL RISE IN 
THE OXYGEN PERCENTAGE OF INCREASINGLY DEEPER SAMPLES OF 
ALVEOLAR AIR. 
by 
F. 8. COTTON! 


(From the Department of Physiology, University of Sydney). 
(Submitted for publication 25th September, 1939.) 


INTRODUCTION. 


The present paper gives an account of some experimental work carried out to 
investigate an apparently paradoxical phenomenon in regard to respiration. 

It was intended in the first place to present the results as an original discovery 
of a new respiratory and circulatory phenomenon. The publication of Roelsen’s 
work in relation to the same phenomenon early in 1939 now necessitates that this 
be submitted as further evidence in support of his finding, which, however, is 
quoted more or less incidentally along with other results, and has not been sub- 


jected to rigorous investigation. Fresh evidence is here presented, while a number 
of possible fallacies are discussed and excluded by various experiments. 


The Method Employed, and Its Scope. 


The method employed was to trace the change in composition of expired air 
as it is progressively exhaled. This was done by means of the technique deseribed 
in a previous paper (p. 425), whereby the air is expired into a long tube consisting 
of a series of units connected by T-shaped junctions suitable for sampling. The 
admixture of the expired air with the air originally in the tube is reduced by cer- 
tain devices to a negligible amount. 

This method permitted the taking of numerous successive samples from one 
expiration. In most cases about a dozen samples were taken, but in some experi- 
ments the number was increased to twenty. If so desired this number could in 
turn be doubled. This technique makes possible a much more accurate and de- 
tailed study of the various phases of expired air than was possible heretofore, and 
moreover permits of the investigation of fractional samples under conditions of 
very rapid expiration, which has not previously been possible. 

Roelsen (1939), whose apparatus obtains a maximum of six samples, lays emphasis on the 
fact that it succeeds in ‘‘dividing alveolar air into still more fractions than has been done by 
previous investigators ’’. 





1 This work was carried out under a grant from the National Health and Medical Research 
Council, 
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In his apparatus the taking of each sample demands the turning of a tap so that no expiratio 
ean be examined which occurs more quickly than the operation of turning six taps in successio: 
This imposes a severe limitation on the scope of such investigations. 

For a time the writer avoided the use of a long tube for collecting the expired air (as existin 
experimental work on axial air streams by Henderson (1915) seemed to contra-indicate its use 
and made comparisons of different experiments at the one sitting under standard conditions o 
rest. In these experiments the traditional procedure was adopted for obtaining a sample o 
alveolar air by the procedure of Haldane and Priestley (1905), while varying the depth o1 
expiration very widely in the case of different samples. These experiments were slow and tediou 
as a number of separate sub-experiments had to be carried out with the exercise of great car 
for uniformity between them. In some cases the comparison of individual results showed strik 
ingly more oxygen in the alveolar air of the deeper samples but in others the reverse occurred 
With the averaging of a number of results a terminal richer oxygen seemed very probable but th: 
results were too variable to permit of any precise conclusions being drawn. They were valuable, 
however, in indicating the strong probability of a paradoxical phenomenon. 


The Primary Phenomenon. 


Investigation of the composition of successive fractions of expired air revealed 
the fact that under certain circumstances there occurred a progressive rise in the 
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Fig. 1. Showing the progressive changes in composition of expired air as a single deep 
expiration is made. 

The graphical results are condensed by omitting the central fairly uniform section, while 
emphasizing the marked changes at each end. The extent of the omitted central section is 
about 1,150 ¢.c. and represents 7 sectional units of the long tube. 


percentage of O» in the last few samples. Together with the rise in O» percentage 
there was a tendency for the CO. percentage to drop, but the change was not so 
well marked. Hence in all the following, although the two changes are associated 
and presumably related causally, the 0. change will be referred to as the chief 
phenomenon, 
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While this phenomenon did occur sometimes with a normal deep expiration, 
it was found to be much enhanced when the breath was held for some time. Roel- 
sen’s observation was apparently limited to the alveolar air of a nofmal expiration 
so that this apnoea effect is apparently recorded here for the first ‘time. 

In all the following, the examination of the expired air was made on an ex- 
piration following breath-holding, although the time of this voluntary apnoea has 
been varied according to the capacity of the subjects. Except where otherwise 
stated, the apnoea time has been kept constant at 60”, and the subject of the in- 
vestigation (the present writer) has been the same. 

The result of a typical experiment is illustrated in Fig. 1. On the right is 
seen the change proceeding from the first expired portion onwards. As expected, 
the oxygen decreases and the carbon dioxide rises. Toward the end, however, the 
oxygen percentage rises again and the carbon dioxide decreases somewhat. The 
change in the oxygen percentage from the lowest part of the curve to the top of the 
left limb is more than fifty times the average analytical error. 


Investigation of the Method. 


When this result had been obtained a few times, it was realized that all pos- 
sible fallacies must be excluded before the phenomenon could be established as 
real. In order to refer concisely to the alleged phenomenon, it will be spoken of as 
the O, trough of expiration, meaning by this phrase a trough in the graph showing 
the oxygen percentage of expired air in progressively expired fractions, indicating 
a primary normal decreasing phase, followed by an apparently paradoxical in- 
creasing phase. 

Experiments were designed to exclude the following possibilities : 

1. That leaks may have occurred in the sampling tube or in the long tube 

itself. 

That the higher oxygen values found toward the mouth end of the tube 
(after the deep expiration through it) might represent some of the origi- 
nal air left behind in the tube when the expired air is driven through. 
That the higher terminal oxygen values represent richer gas drawn in 
from the nasal cavities toward the end of expiration. 

That the expanded cheeks might continue to hold air, relatively little affec- 
ted by the central channel of expired air passing straight through the 
mouth cavity, and that the final contraction of the cheeks at the end of 
expiration might enrich the terminal portions of expired air with oxygen. 
Further, the progressive nature of the final trend might be due to an in- 
creasing amount of diffusion between the central channel of expired air 
and the surrounding ‘‘cheek’’ air, as the rate of expiration inevitably be- 
comes slower in its terminal phase. 


That the whole phenomenon is post-expiratory and not physiological, being 
set up in the tubes after expiration in some unforeseen manner. 
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1. During the preliminary exploratory work many changes were made t 
obviate the possibility of leaks. 

In the first place all joins of metal and rubber tubing were regarded as satis 
factory, but these junctions were later firmly wired in place. The change pri 
duced no effect on the phenomenon. Later, to preclude the possibility of leaks in 
volving individual sampling tubes, these were interchanged at various points. N: 
difference was produced. Finally the progressive nature of the change, as show: 
in the graphed results, may be adduced as evidence against the operation of am 
external factors. 
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Fig. 2. Showing the persistence of the oxygen trough phenomenon even when the long 
tube is filled in the first place with gases of very variable composition. 

In A. the long tube was filled with air and thoroughly flushed with that gas prior to the 
experiment. 

In B. the long tube was filled with air expired after 60 seconds apnoea, 

In C. the long tube was filled with CO, after thorough flushing as in A. 

It will be noted that the left limb of the oxygen trough in each case rises with a con 
siderable degree of constancy, so eliminating any effect due to the composition of the gas 
originally in the long tube. 


2. This contingency was obviated in the following manner. Keeping the time 
of apnoea constant (1 minute), the long expiratory tube was filled in different ex- 
periments with carbon dioxide, oxygen, expired air or ordinary air. In all eases 
the same phenomenon was obtained, the oxygen percentage decreasing at first as 
the air was progressively expired, and then rising again toward the end. The re- 
sults of these experiments are shown in Fig. 2, with the exception of the oxygen ex- 
periment which is not graphed to avoid crowding. The curve was, however, typi- 
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eal of the rest, and certainly did not enhance the oxygen trough as it must have 
done had this potential fallacy really occurred. 

3. This possibility was excluded by carrying out control experiments whereby 
such a factor would operate against the occurrence of the oxygen trough. This 
was done by duplicating a typical experiment in all respects, except that oxygen 
was inspired in the first place instead of ordinary air, through a tube placed in the 
mouth while the usual nose-clip was firmly in place. 

If any terminal contribution of gas came from the nasal passages, ete., the 
effect must have been to abolish the oxygen trough. Fig. 3 shows that under these 
circumstances the O. trough persists. 
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Pig. 3. Showing the oxygen trough obtained on expiration after inspiring 1-5 litres 


of oxygen through the mouth at the end of normal inspiration. The breath was held for about 
ten seconds. 


Inspection of the graph shows that the left limb of the oxygen trough rises from below 25 to 
more than 26 p.c. of oxygen. Hence no gas coming from the nasal cavities could be responsible 
for this, since the oxygen was inspired through the mouth with the nose clipped while containing 
something less than the atmospheric content of oxygen. 

Prior to this experiment, such a possibility of nasal fallacy had been minimized and excluded, 
to the satisfaction of the writer, by the precaution of filling the nasal cavities with the air of a 
previous deep and slow expiration just prior to the application of the nose clip. Subsequently 
this procedure was uniformly adopted. 

4. In order to eliminate this possibility the mouth cavity was fitted with a 
piece of wood as large as could pass between the teeth, curved so as to fill as much 
of the mouth cavity as possible, and provided with a central channel of about the 
same diameter as the trachea. During the whole experiment, including the initial 
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inspiration, the cheeks were kept firmly in contact with this wooden plug. In spite 
of this, the oxygen trough persists under the standard circumstances of on¢ 
minute’s apnoea, as shown in Fig. 4. Subsequently all experiments were carried 
out with this additional point of technique. 

Since, in the experiment of Fig. 4, the total amount of air left in the mouth 
cavity (with the cheeks closed firmly round the piece of wood) must have been 
relatively small, and since moreover this air has only a ‘‘diffusion’’ connection 
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Fig. 4. Showing the oxygen trough obtained under the usual conditions, but with the 
mouth cavity largely filled with a piece of shaped wood. 


with the main inspiratory and expiratory stream of air, its effect on the expired 
air in any phase must have been reduced to the vanishing point. Since, further, 
the typical oxygen trough appeared as usual, any fallacy arising from the source 
in question must be regarded as eliminated. 


It should be noted that there is a reason for the reduced number of samples in this experi- 
ment, only some 6 being analysed out of the series of 19. 

By the time this experiment was carried out, over 40 experiments had been done and the 
results had been so typical that one could be fairly sure that the minimal value would be found, 
in the case of the chief subject, in the samples 4, 5 or 6. 

Hence it became a routine practice in a series where investigation was being made of the 
effect of some specific variable to analyse first, samples 5 and 6, ard to continue either with 4 or 7 
if any perceptible gradient were indicated. 

In the experiment in question, the CO, values were 6-71 and 6-71, and the O, values 
11-10 and 11-13. From this absence of gradient together with the results of previous experiments, 
it was highly probable that this represented the bottom of the trough, and it was sufficient for 
the purpose in hand to proceed to the analysis of samples 1 and 2. 
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Samples 15 and 19 were also analysed to show that a right limb to the trough did exist. 
Previous experience showed that between 6 and 15, as between 15 and 19, a series of intermediate 
points would be obtained. 

5. However improbable this factor might seem it should be experimentally 
excluded if possible. To this end experiments were carried out as follows: 


(a) In one series where rubber tubes were used, these were clipped off with 
powerful clips, specially constructed for this purpose, and the results compared 
with another series in which no clips were applied except the one at the mouth end. 
All samples were drawn in each case in sequence starting with the sampling tube 
most distant from the mouth end. No significant difference appeared in the oxygen 
troughs averaged in each series over a number of experiments. 

(b) In another series the expired air was left in the tube for periods even ex- 
ceeding one hour. Under these circumstances the samples still show the typical 
trend of the oxygen trough, but as expected, the phenomenon was not enhanced. 


Application of the Method. 


In order to exclude the possibility that the effect might be due to some in- 
dividual peculiarity, six other subjects were next investigated. The results ob- 
tained with these subjects are shown in Fig. 5. 
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Fig. 5. Showing the oxygen trough phenomenon in six subjects 


5A. 3 subjects with histories of intensive athletic training. 
5B. 3 normal subjects. 


In this group it so happens that three subjects immediately available were of 
a distinetly athletic type, so that the group in general cannot be regarded as re- 
presenting the average. 

In case some significance should later arise in this regard, the three subjects 
with a history of a considerable degree of athletic exercise are grouped together 
and their results shown in Fig. 5a. In view of the striking difference between the 
two sets of results it may be worth noting that each of the three athletes has 
reached the standard of University champion in his own field, running, swimming 
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and boxing respectively. The other three whose results are shown in 5B are nor- 
mal healthy subjects, representing only an average degree of athletic training. 

Although these results may be merely a matter of coincidence, further experi- 
ments in this regard are indicated, and it is hoped in the future to examine the 
possibility of a difference between athletes and non-athletes, in respect of the 
oxygen trough phenomenon. 


Even in Fig. 58 two of three subjeéts show a tendency to an oxygen trough 
effect, especially if the trend at the corners to the right of the diagram be con- 
sidered. Certainly the final trend is distinctly upward and not down. On the 
other hand one subject and only one of the six shows a steady downward trend 
such as might have been expected in the light of present knowledge of respiration. 
The foregoing will in the meantime give sufficient evidence that the general pheno- 
menon does not represent the idiosynerasy of one subject. 


DISCUSSION OF RESULTS. 


Although a considerable variety of experiments has been earried out in 
further investigation of the O. trough phenomenon, it is felt that more evidence 
is desirable before an attempt should be made to account for it. 

In earryving out each experiment after the first few, a graphic record was 
taken of the rate of expiration. This was done by connecting the far end of the 
long tube to a Sanborn Metabolimeter and taking the record of inerease of volume 
on a moving drum running at a convenient speed. It is not proposed, however, to 
analyse the time and volume relationships in the present introductory account of 
the oxygen trough phenomenon. 


SUMMARY. 


A terminal reversal of the initial oxygen gradient of progressively expired air 
is deseribed as occurring under special circumstances. 

The present observations only partly overlap those of Roelsen, who has al- 
ready reported the phenomenon. 

Experiments are described which were designed to submit the phenomenon to 
a rigorous testing for fallacies. 

These experiments all confirm the reality of the phenomenon, and further 
investigation is proceeding. 
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INTRODUCTION. 


Most investigators have been unable to maintain the initial response to a con- 
stant dosage of the thyrotrophic hormone; the period before involution of the 
stimulated gland sets in and symptoms of hyperthyroidism disappear varies with 
the species of animal and, to some extent, with the type of extract used. This 
period may also vary among the individual members of a species. Thus, in the 
guinea-pig, a refractory state of the thyroid gland has been reported as occurring 
after 4—6 weeks of treatment with hormone, whereas occasionally some of the ani- 
mals have reacted for as long as 10-12 weeks (Aron, 1930; Loeb and Friedmann, 
1931; Verzar and Wahl, 1931; Junkmann and Schoeller, 1932; Friedgood, 1934; 
Seowen and Spence, 1934, 1936; Max, Schmeckbier and Loeb, 1935; Bruner and 
Starr, 1936; Loeser, 1936). The transitory effect of the thyrotrophic hormone has 
also been observed in the rabbit (Hertz and Kranes, 1934; Seowen and Spence, 
1936), rat (Lee and Gagnon, 1930; Collip and Anderson, 1934; Collip, 1935; Eitel 
and Loeser, 1936), sheep (Eitel and Loeser, 1935) and man (Schittenhelm, 1935; 
Thompson et. al., 1935; Spence and Witts, 1939). Schockaert (1932) found that, 
with the sensitive duck as experimental animal, the thyroid still exhibited con- 
siderable hypertrophy after injections had been continued for periods up to 12 
weeks, whilst Miller (1938) observed that with the English sparrow the elevated 
basal metabolic rate persisted after 20 weeks of injections. 

Recently, Werner (1938) prepared a thyrotrophie extract, involving a flavi- 
anie acid precipitation, which still produced a marked response in guinea-pigs 
after 88 days; whilst a sodium sulphate preparation, stated to be of equal initial 








1 This investigation has been carried out as part of a research programme generously aided 
by a grant from the Australian National Health and Medical Research Council to Professor 
C. G. Lambie. 











442 VICTOR M. TRIKOJUS ann WILLIAM J. ELLIS 


poteney, caused the development of a refractory state after 28-40 days. Accord- 
ing to this investigator, these results indicated that refractoriness is the conse- 
quence of an antigen-antibody reaction, a conclusion which, if correct, would mini 

mize the significance of ‘‘anti-hormones’’ in normal physiology (ef. also Rowlands 
and Young, 1939). This problem has been further complicated, however, by the 
fact that Anderson and Evans (1938) were able to demonstrate the presence of anti- 
thyrotrophie factors in the blood of rats which had been chronically injected with 
an extract prepared from rats’ pituitaries. It should also be remarked that, at the 
present time, the standardization of even highly purified thyrotrophie prepara- 
tions involves somewhat empirical procedures, and a margin of error cannot he 
avoided with different extracts. Such discrepancies might possibly become more 
apparent if injections were continued beyond the usually short assay period. 

Anderson and Evans (1937) have emphasized the importance of the iodine 
intake of the animals during the evaluation of thyrotrophie preparations, whilst 
Trikojus (1939) has shown that small doses of potassium iodide (1 mg. per day) 
can exert a favourable influence on colloid storage in the thyroid gland even when 
the latter is subjected to the stimulus of massive doses (6,100 units over 18 days) 
of the pituitary hormone. 

The present communication has resulted from a study initiated to ascertain 
what factors, if any, may influence the rate of development of a refractory state 
when the same batch of hormone is administered under varying conditions. The 
experiments here recorded are concerned with the effect of (a) heating the hor- 
mone solution, (b) reducing the daily dose of hormone, and (c) simultaneously 
administering small doses of potassium iodide. 

The preliminary and later experiments were carried out between January and 
September, 1938. 


MATERIAL. 


Hormone. The thyrotrophice preparation (Charge No. 88)2 which has been used throughout 
these investigations contained 5 Junkmann-Schoeller units per mg. (Junkmann and Schoeller, 
1932), and was free from the gonadotrophic, growth and lactogenice principles. In some pre- 
liminary experiments with this preparation it was found that the thyroids of practically all the 
animals still showed marked activity after prolonging injections for periods up to 10 weeks, the 
daily dose being 4 mg. (20 units) per guinea-pig. 

Animals. Immature guinea-pigs of the same stock and of both sexes were maintained on a 
liberal diet of bran, water and fresh lucerne in a room artificially heated during the winter months. 
In the experience of this laboratory the free access on the part of the animals to food, throughout 
the period of an experiment with the thyrotrophie hormone, is a factor contributing towards 
consistent results. During the latter part of the prolonged experiments, the sexes in each group 
were segregated. Saline (0-9 p.c.) was used as solvent for the hormone and also for the potassium 
iodide, with a uniform volume (independent of the hormone dosage) of 1 ¢.c. per day and 
guinea-pig, and when both of these were administered to the one animal a common solution was 
made. Normal control animals were chosen one week before the conclusion of an experiment, so 





2 We have pleasure in acknowledging our indebtedness to Professor W. Schoeller of Scherings 
A.G. (Berlin) for the donation of this and other thyrotrophic preparations from ox anterior 
pituitary. 
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that their weights would approximately cover the weight variation in the treated groups, and they 
were then placed in cages under similar conditions. 


EXPERIMENTAL PROCEDURE. 

Intraperitoneal injections were given to the animals daily (Sundays excluded) for periods 
of 8-10 weeks as summarized in the several tables. 

After ascertaining that the thyroids of the majority of a group of animals still showed a 
marked degree of activity after prolonged daily injections of 20 units, the effect of heating the 
hormone was studied in a comparative experiment (Table 1). For this purpose, the solution 
of the hormone was heated over a micro-burner in an all-glass apparatus under gentle reflux for 
5 minutes, cooled and centrifuged from a flocculent precipitate} which had rapidly callected at 
100°C. and the clear solution (which still gave a precipitate with protein reagents) then refluxed 
for a further 25 minutes. Such solutions were used for injections on two successive days only, 
being then replaced by fresh material. 

In subsequent investigations devised to study the effect of potassium iodide and of 
diminished hormone dosages, Group 1 received daily treatment with hormone (20 units), Group 2, 
hormone (20 units) plus potassium iodide (1 mg.), and Group 3, potassium iodide (1 mg.), whilst 
to Groups 5 and 6, 5 and 2-5 units of the hormone per day were administered respectively. 
Groups 4 and 7 served as normal controls. (Tables 2-4). The experiment comprising Groups 1-4 
ran parallel with that of the remaining. groups for 7%ths of the period during which injections 
were made. Body weights were recorded daily and at the conclusion of these experiments the 
animals were stunned, bled from the carotid artery and the blood (combined within each group) 
evaluated for anti-thyrotrophic activity against graded doses of the thyrotrophic hormone. For 
this purpose, the citrated blood (containing 10 p.c. phenol (5 ¢.c.) per 100 ¢.c. blood) was adminis- 
tered intraperitoneally (2 ¢.c. per day and guinea-pig) for six days and, in addition, 5 or 10 units 
of the hormone were given by the same route on the 5th and 6th days. The animals were killed 
on the 7th day and the thyroids prepared and examined microscopically (cf. Eitel and Loeser, 
1934). The thyroid and adrenal glands of the donor animals in the Groups 1—7 were also weighed 
and the former glands prepared for microscopical examination. In addition, determinations were 
made of the concentration of ascorbie acid in the adrenal glands, the technique being that 
described by Loeser and Trikojus (1937). During the 24 hours preceding the disposal of the 
animals on which these assays were carried out, fresh lucerne was always present in the cages, 
as in normal animals we had observed that, with this precaution, there was less tendency for 
marked individual variations to occur. In Groups 1—4 the adrenal glands of pairs of animals 
were combined so that all analyses could be completed on the same day. 


RESULTS. 


(i) The Effect of Preliminary Heating of the Hormone Solution upon Thyroid 
Involution. 


In Table 1 averaged data are presented from three groups of treated animals 
plus control groups. The animals in Groups U1 and U2 received unheated hor- 
mone for 55-77 days, the thyroids of the nine animals still showing on micro- 
scopical examination a moderate to well-marked activity after this period, whilst 
the weights of their thyroids and adrenals were also much above the normal. 





3 This precipitate, after washing with water and drying with acetone, was assembled from 
the several heatings. It caused no significant structural changes in the thyroids of guinea-pigs 
receiving injections of 10 and 20 mg. divided over two days, but it was not assayed for the non- 
thyroid stimulating, specific metabolic principle of Billingsley, O’Donovan and Collip (1939). 

















Fig. 1. Thyroid of guinea-pig (S450) in 
jected for 6 days with 20 units of the thyro- 
trophic hormone boiled for 30 minutes. The 
vesicular epithelium is raised whilst colloid 
is partly absorbed. X 100. 


Fig. 3. Thyroid of guinea-pig (S380) in- 
jected for 60 days with 20 units of thyro- 
trophic hormone. The acinar walls show 
considerable infolding, colloid is scanty, 
whilst epithelial activity is still marked. 
xX 100. 
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Fig. 2. Thyroid of guinea-pig (S201) re- 
ceiving, for 67 days, injections of 20 units 
of the hormone boiled for 30 minutes. The 
vesicular epithelium has now returned to a 
low cuboidal state, whilst the large follicles 
are completely filled with well-staining col 
loid. X 100. 


Fig. 4. Thyroid of guinea-pig (S375) in- 
jected for 60 days with 20 units of thyro 

trophic hormone plus 1 mg. KI. A low epi 
thelium now encloses the rounded vesicles 
which have completely refilled with colloid. 
xX 100, 
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Fig. 5. Thyroid of guinea-pig (S374) Fig. 6. Thyroid of guinea-pig (S418) re- 
treated as guinea-pig S375 (Fig. 4). The ceiving, for 62 days, injections of 5 units of 
alveoli are distended with abundant colloid, the thyrotrophic hormone. The appearance 
although the epithelium is still active. is almost that of a normal gland. Contrast 
x 100. with Fig. 3. X 100. 





Fig. 7. Thyroid of guinea-pig (S416) in Fig. 8. Thyroid of guinea-pig (S157) in- 
jected for 62 days with 2-5 units of the jected for 6 days with 200 units of the thyro- 
thyrotrophic hormone. The appearance is trophic hormone boiled for 60 minutes. The 
almost that of the resting gland, the vesicles vesicular epithelium is very active, whilst 
being, however, separated to an unusual de- the colloid is highly absorbed. Compare 


gree. X 100. with Fig. 1. X 100. 
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However, the thyroid gland of one animal in the treated groups (No. 8132, Grou; 
U1—not included in the table) did indicate a complete recession of the morpho 
logical features of the active to the normal state of this gland after injections ha 
been given for 73 days. The thyroid and adrenal glands of this animal weighec 
respectively 12-7 and 63-2 mg. per 100 gm., whilst the vesicular epithelium of th 
thyroid was absolutely fiat, the large vesicles being filled with a dense colloid. 

In marked contrast to the thyroids of the animals in Groups U1, U2, those o! 
the animals receiving heated hormone (Group H1) were uniformly inactive (se¢ 
Fig. 1) and of normal weight. Although the weights of their adrenal glands wer: 
also within normal range in the case of four of the animals, the average for the 
group still showed a significant increment when compared with the controls. The 
presence of detectable thyrotrophic activity in the heated solution may be gauged 
trom Fig. 2, which represents a section through the thyroid of an animal receiving 
treatment similar to that of Group H1 but for six days only. 

Most investigators have commented on the instability of solutions of the hor- 
mone towards heat, although Collip (1938) now finds that activity may still*be 


preserved after boiling at pH 3-5. The presence of detectable activity in the 


9 


heated and clarified solutions used in these experiments may be gauged from Fig. 
whilst Fig. 8 shows a section through the extremely hyperplastic thyroid of an 
animal that had been injected daily, for six days, with a saline solution containing 
200 units of the hormone, after boiling for one hour. 


TABLE 1. 


of the Effects of Prolonged Injections of Thyrotrophic Hormone— 
Heated and Unheated Solutions. Averaged Data. 


Comparison 





Treated Groups. 
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Cl 
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papillary infolding; 
colloid scanty. 

4 159 312 66-67 20 51-1 41-0-67-2 109-0 = 80-6-149-0 Columnar epithelium; 
less infolding and mo! 
colloid than in GroupU! 
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(ii) The Effect of Simultaneous Administration of Potassium Iodide (Groups 1-4 ; 
Tables 2 and 4). 


(a) Thyroids. Macroscopically the thyroids of the animals in Group 1 (hor- 
mone alone) and to a lesser extent those in Group 4 (normal controls) were of 
vascular appearance, whilst those of Group 2 (hormone and potassium iodide) and 
the control Group 3 (potassium iodide alone) had the pale ischaemic character of 
colloid glands. 

There was no appreciable difference in the average weights of the thyroids of 
Groups 1 and 2, those of the individuals in both these groups all exhibiting a 
marked increase in weight as compared with those of the two control groups. The 
thyroids of one guinea-pig in Group 2 (8374) were abnormally large and weighed 
275 mg., about 7-8 times heavier than those of the controls. This was found on 
microscopic examination to be associated with an unusual degree of distension of 
the walls of the alveoli by colloid (Fig. 5). 

On microscopical examination the thyroids of three of the animals in Group 1 
were found to exhibit an intense hyperplasia with almost complete absence of 
colloid (Fig. 3), whilst those of the other three possessed a similar epithelial acti- 
vity but had retained a certain amount of colloid which was most marked in the 
case of 8373. On the other hand, the acinar epithelium of the thyroids of three of 
the animals in Group 2 was absolutely flat, the gland parenchyma being, moreover, 
compressed by distended vesicles which were uniformly filled with well-staining 
colloid (Fig. 4). The sections of the remaining two thyroids in this group whilst 
showing retention of most of the colloid, also displayed a moderate degree of 
epithelial activity which was less marked, however, than that exhibited by the 
least active thyroid (S375) in Group 1 (see Fig. 5). In the control groups (3 and 
4) the thyroids of the animals in Group 3 whilst exhibiting most of the features of 
the normal gland were characterized by a hard colloid which had retained the 
eosin to an unusual degree, this being in harmony with the macroscopical appear- 
ance of the glands in this group (vtde supra), whilst, furthermore, the epithelial 


‘hyroids EDS é : ee 
lining was of a low cuboidal type. Gray and Loeb (1928) have observed a similar 


vali condition of the guinea-pig’s thyroid after prolonged oral administration of pot- 
ding; assium iodide in doses of 50 mg. per day. 

- (b) Adrenal hypertrophy and adrenal ascorbic acid. The degree of hyper- 
oar trophy of the adrenal gland was most marked with the animals of Group 1 and 
sroupl] $374 of Group 2, the glands of the other four animals in the latter group having 
= an average weight appreciably less than that of non-iodized animals. The corres- 


| colloii ponding values in the two control Groups 3 and 4 were within normal range. 

The concentration of ascorbic acid was greatest in the adrenals of Group 1 
. with values of 2-00 mg. per gm. or higher for the three paired assays. In Group 2 
the results were lower in two assays, but in the third the value was the highest for 
both groups. However, in this particular analysis it may be worthy of note that 








TABLE 2. 


Prolonged Administration of Thyrotrophic Hormone 
Iodide. 


Guinea-pig, 
Number and Sex. 
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Columnar epithelium; more 
colloid than in S 370. 
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infolding than S 380; some 
colloid. , 

As 8 380. 

As 8 370. 

Columnar epithelium ; marked 


papillary infolding; col 
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Flat epithelium; rounded al 
veoli completely filled with 
well staining colloid. 
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tensely staining colloid; 
{ otherwise as normal glands. 


Normal glands. 
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the adrenals of guinea-pig 8374, which had the abnormally enlarged thyroids, 
were included. In both these groups the values were all appreciably higher than 
those of the control animals in Groups 3 and 4. 

(c) Body weights. In spite of the differences observed in the morphological 
features of the thyroid glands of Groups 1 and 2 the average increase in body 
weight was almost identical (68 p.c. for Group 1 and 70 p.c. for Group 2), whereas 
in the control Group 3 the animals had more than doubled their weight during the 
experimental period. In Groups 1 and 2 the increase in weight was most marked 
in the later stages of the experiment. 


(iii) The Effect of Diminished Dosage (Groups 5-7 ; Tables 3 and 4). 


(a) Thyroids. In striking contrast to the well-marked activity of the thyroids 
in Group 1 those of the animals in Groups 5 and 6 presented all the histological 
features of the involuted gland. Macroscopically they were, with one exception 
(S413) pale and ischaemic, whilst microscopically the vesicles were found to be 
completely refilled with colloid and the acinar epithelium to have returned to 


TABLE 3. 


Prolonged Administration of Small Doses of Thyrotrophic Hormone. 
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S410g 180 471 5 270 62 22-5 73-0 1-93 AsS 418. 

84149 214 377 5 240) 55 13-8 66-9 1-76 As8S 418. 

S417Q9 208 464 5 240 55 13-6 47-9 1-76 As8S 418. 

S4189 176 32 5 270 62 21-9 125-0 1-95 Flat epithelium; rounded al- 
veoli completely filled with 
well staining colloid. 

Group 6, 

$4119 195 351 2-5 135 62 25-7 89-8 1-63 Some remnantsof infolding in 
centre of gland, otherwise 
as 8 416. 

S 4129 190 454 2-5 135 62 9-7 46-4. 1-74 As8S 416. 

S413 ¢ 166 456 2-5 135 62 10-3 36-2 1-62 AsS. 416. 

S416g¢ 202 501 2-5 135 =62 11-0 50-3 1-38 Flat epithelium; rounded al- 
veoli completely filled with 
well staining colloid. 

Group 7. Normal controls. 

$409g — 396 - — — 9-8 44-2 1-52 Normal glands. 

$415 ¢ - 337 oo — 8-7 33-9 1-37 pa re 
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450 VICTOR M. TRIKOJUS ann WILLIAM J. ELLIS 


a low cuboidal state (Figs. 6 and 7). In only one animal (S411, Group 6) was 
there a departure from this uniform picture owing to the presence of some rem- 
nants of papillary infolding and a slightly raised epithelium in the centre of the 
gland. Inthe remaining three animals of Group 6 the thyroid picture was further 
characterized through the separation of the acini to an unusual extent by an ex- 
tremely oedematous connective tissue. 

In two of the animals of Group 5 the thyroid weights were appreciably higher 
than those of the normal controls (Groups 4 and 7) whilst this was also the case 
for one of the animals in Group 6, the others in this group showing thyroids well 
within the normal variation. The average weight values for Groups 5 and 6 may 
be correlated with the difference in the hormone dosage (5 and 2-5 units re- 
spectively ). 


TABLE 4. 


Prolonged Administration of Thyrotrophic Hormone. Averaged Data of 
Groups 1 to 7. 






= = e , A 5 = & . 
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Group Number. 2.5 £ Ss = = >, be = te = 
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Group 1 
20 units Hormone per day 6 57-60 194 327 68 43-1 138-8 2-11 
Group 2 
”0'units Hormone + 5 60 217 369 70 49-5 102-0 2.00 
1-0 mg. KI per day 
Group 5 
5 units Hormone per day 4 55-62 194 409 111 17-9 78-2 1-85 
Group 6 
2-5 units Hormone per day 4 62 188 440 134 14-2 55-7 1-59 
Group 3 
1-0 mg. KI per day 6 60 203 439 116 11-7 44-3 1-40 
Group 4 
Normal controls to 6 — —- 358 -~ 11-5 44-4 1-53 


Groups 1, 2, 3 
Group 7 
Normal controls to 4 - —- 396 — 9-8 44-9 1-47 
Groups 5, 6 


(b) Adrenal hypertrophy and adrenal ascorbic acid. The average weight of 
the adrenals was lower in both Groups 5 and 6 than in Groups 1 and 2, one of the 
animals in Group 5 and three in Group 6 possessing glands of normal size. There 
was no significant difference between the average value for the adrenal ascorbic 
acid in Group 6 and that for the normal control Group 7 or the equivalent Groups 
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3 and 4, whereas in Group 5 the concentrating capacity of the gland for this vita- 
min was appreciably raised, the values being indeed comparable to those obtained 
for Group 2. 

(ec) Body. weights. The animals receiving five units per day had gained in 
weight by 111 p.c., and those receiving half this dose by 134 p.c., values which may 
be contrasted with those of Groups 1 and 2. 


(iv) Antithyrotrophic Titre of the Blood of Groups 1-7. 


With the method used (see Experimental Procedure) we were unable to de- 
tect a definite antithyrotrophie activity in 12 ¢c.c. of the blood in any of these groups 
when tested against 2 x 10 or even 2 x 5 units of the hormone, 3—5 animals being 
used for the evaluation of the blood from each group. Without exception the 
glands of the test animals exhibited a cytological activity significantly greater 
than that shown by the thyroids of normal animals. 


DISCUSSION. 


These experiments definitely suggest that various factors may play a part in 
the processes concerned with thyroid involution when the guinea-pig is submitted 
to prolonged injections of a purified thyrotrophic preparation. During approxi- 
mately equal periods of hormone administration various stages have been reached, 
and these may be correlated with the experimental conditions of the several groups 
of animals investigated. In order to interpret the general progress of involution, 
four main stages may be assumed and qualitatively summarized in the following 
order: (i) increased accumulation of colloid ; (ii) reduction in epithelial activity ; 
(iii) adjustment of stages (i) and (ii) to produce an enlarged colloid gland; (iv) 
the gradual return of this gland to normal size. Although at stage (iii) (see Fig. 4) 
and during stage (iv) (see Fig. 6) the general structural features are those of the 
normal gland the possibility should be considered that these later involuntary 
phases may still be accompanied by a discharge of thyroid hormone in excess of the 
normal tissue requirements since an equilibrium between colloid secretion, stor- 
age and excretion is apparent only within the gland itself from the histological 
findings. Normal or subnormal function from the metabolic aspect might only be 
reached after the completion of stage (iv) (ef. Siebert and Smith, 1930; Max, 
Schmeckebier and Loeb, 1935). 

With small but quite significant doses of the hormone (2-°5 to 5 units) or after 
preliminary heating of the hormone solution, the regressive changes had pro- 
ceeded towards completion, and these were more advanced when the smaller dose 
(Fig. 7) was administered. Under a more potent stimulus (20 units) the thyroid 
gland still exhibited marked changes indicative of hyperfunction. It may, however, 
reasonably be conceded that, had the period of injection of the largest dose (20 
units) been extended, the thyroids of the animals in this group might ultimately 
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have shown a complete recession of activity since, in some of the glands, there were 
the beginnings of colloid reaccumulation, and furthermore, the body weights had 
imereased most rapidly towards the end of the experiment. Colloid retention in 
the thyroids of the animals receiving the 20 units dose of hormone (Group 2) was 
favourably influenced by the simultaneous administration of small doses of potas- 
sium iodide, although in short term experiments no differentiation could be made 
between the thyroids of the iodized and non-iodized animals ( Anderson and Evans, 
1937 ; Trikojus, 1939). Microseopically the thyroids of Group 2 exhibited many 
of the features of the normal gland, although macroscopically the glands were stiil 
greatly enlarged and much above normal weight. It might here be remarked, per- 
tinent to the observation made in the introduction, that, according to our results, 
there is not always a close correlation between thyroid size and the structural 
features of this gland after long term injection, although this would seem to be 
the case after the short periods usually taken for the evaluation of thyrotrophie 
extracts (Rowlands and Parkes, 1934, 1936; Junkmann and Loeser, 1938). 





Hypertrophy of the adrenal cortex, particularly marked in the guinea-pig, 
invariably accompanies thyroid stimulation resulting from injections of anterior 
pituitary extracts (cf. Loeser, 1933). This change develops subsequently to the 
appearance of thyroid activity, but becomes aggravated as injections are continued 
(Loeser, 1934). According to Schmeckebier (1934) adrenal cortical stimulation 
later begins to diminish, the course of adrenal hypertrophy and its subsequent 
decline running parallel to the changes in thyroid structure and metabolism. This 
investigator further assumed that the effect on the adrenal gland was directly ex- 
erted by the extract and was independent of the discharge of thyroid hormone. 
MeQueen-Williams (1934) found the intact thyroid to be essential for the adrenal 
hypertrophy consequent upon anterior pituitary implants. It is conceivable that 
our thyrotrophie preparation also contained e separate corticotrophic factor. If 
so, however, it in some way required the presence of the thyroid gland in order to 
exercise its activity, since its effect could not be demonstrated after completely 
thyroidectomized guinea-pigs had been injected for 30 days with 4 mg. (20 units) 
of the hormone per day. We therefore consider the adrenal hypertrophy obtained 
in our experiments to have resulted largely from an outpouring of thyroid hor- 
mone. In the animals submitted to prolonged injections in the present investiga- 
tion, adrenal enlargement has invariably accompanied a hyperplastic thyroid or 
one of abnormal size, even when, in the latter case, the structural features have 
returned to normal. The average adrenal weights in the various groups (Table 4) 
showed, furthermore, a correspondence with the weights of the thyroid, and the 
average morphological character of the latter gland. Seowen and Spence (1934, 
1936) found, after prolonged injections of a thyrotrophiec extract into the guinea- 
pig, that the enlargement of the adrenal glands was usually greatest in those ani- 
mals in which the thyroid had involuted to the colloid state. In the table submitted 
by these authors this would appear to be the case when the absolute adrenal weights 
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are considered. However, if from the data given these be expressed as mg. per 
100 gm. of the final body weight, the average figures so obtained are then found to 
be approximately the same for the animals in which thyroid involution had taken 
place and for those where hyperplasia still persisted. 

The data obtained from our assays of the adrenal ascorbic acid are, in the light 
of our present knowledge of this vitamin, difficult to interpret. Loeser and Tri- 
kojus (1937; ef. also Thaddea and Runne, 1938) found that the ascorbie acid con- 
tent of the adrenals of guinea-pigs showed an appreciable fall during the early 
stages of the administration of the thyrotrophic hormone but in two animals re- 
ceiving injections for a prolonged period (70 days) the values were actually above 
those of the normal controls. This latter observation has been adequately con- 
firmed in the present investigation. The réle, however, of ascorbic acid in com- 
bating a state of hyperthyroidism is rather indefinite. Massive doses of the vita- 
min are necessary, according to Loeser (1936) and from our own experience, to 
neutralize the effect on the guinea-pig’s thyroid of quite small doses of the thyro- 
trophic hormone. Eitel (1938), whilst succeeding in suspending the latent C- 
avitaminosis accompanying hyperthyroidism in the human subject by the adminis- 
tration of ascorbic acid, was unable by this means to influence the basal metabolic 
rate. This finding is in accord with similar unpublished investigations carried out 
by Professor Lambie in this department, in which doses of the vitamin up to 2 gm. 
per day were given for periods of 2-3 weeks to patients with Graves’ disease. 

Although we were unable to provide definite evidence of the presence of anti- 
thyrotrophie substanees in the blood of any of our treated groups, this may have 
been due to the low titre of such substances with respect to the doses of hormone 
(2x5 and 2x 10 units) used in the tests. The guinea-pig is much more sensitive to 
injections of the thyrotrophie hormone than the rabbit (Seowen and Spence, 1934), 
and therefore it is of interest that with the same batch of hormone and equivalent 
body weight doses, we were able to produce antithyrotrophic substances in the 
blood of each of three rabbits that had been injected for 7—9 weeks, so that 12 c.e. 
of the blood were able to prevent, in the guinea-pig, the effect of 2 x 5 units of the 
hormone. Harrison and Trikojus, in unpublished investigations, obtained a simi- 
lar result (with a comparable period and dose) in the Rhesus monkey. In this 
animal the thyroid gland, as in the rabbit but contrary to that in the guinea-pig, 
exhibits only a mild response to administration of the thyrotrophic hormone, the 
produetion of antithyrotrophie substances in these three species being thus in- 
versely proportional to the species’ sensitivity. 


SUMMARY. 


During the prolonged administration of a purified thyrotrophic hormone to 
the guinea-pig the rate of regression of the structural features of the thyroid gland 
has been shown to depend upon the dose of the hormone. With 20 units per day, 
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moderate to well-marked activity still characterized the gland after a period of 60 
days, whereas with smaller doses (or with heated solutions of the larger dose) 
involution had by this time proceeded towards completion. The structural 
features associated with the larger dose could also be modified by the simultaneous 
administration of small doses of potassium iodide. 

The concentration of ascorbic acid in the adrenal glands of those animals 
receiving 20 units of the hormone (with and without potassium iodide), and those 
receiving five units was appreciably higher than that of the controls, the greatest 
values being obtained with the non-iodized animals receiving 20 units of the hor- 
mone. Antithyrotrophie substances could not be detected in the blood of any of 
the hormone-treated groups, although, under comparable conditions of dosage and 
time, such substances could be demonstrated in the blood of the rabbit and monkey. 
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INTRODUCTION. 


This work is in part a continuation of the examination of Australian fish liver 
oils described by Davies and Field (1937) and Jowett and Davies (1938). The 
vitamin A content has now been estimated in local fish liver oils not previously 
investigated, and it has been found that none is so good a commercial source of 
vitamin A as that of the snapper shark (Galeorhinus australis). The seasonal 
variation of vitamin A in the oil of the snapper shark liver has been studied over 
a period of twelve months, and the oils from the livers of embryo and young im- 
mature snapper sharks have been examined. In addition vitamin D assays of 
snapper shark and gummy shark liver oils have been made. 

The liver oil of the snapper shark, unlike that of many elasmobranch fishes, 
contains no appreciable quantity of squalene, as shown by distillation in vacuo. 
The oil consists of true, apparently assimilable, fats to at least as great a degree 
as some liver oils widely used for nutritional purposes. For example, the present 
investigation shows that the non-saponifiable fractions of the snapper shark liver 
oils vary from 1-6 to 12-3 p.c., whereas Evers and Smith (1935) found that the 
non-saponifiable fractions of 33 halibut liver oils ranged from 8-3 to 21-5 p.e. 

The two fish most commonly utilized commercially as a source of vitamin A 
are the cod and the halibut. Figures published by Fixsen and Roscoe (1938) 
show that, weight for weight, the snapper shark liver is about as rich in vitamin A 
as that of the halibut, and very much richer than that of the cod. 


Methods. 


The usual method of extraction of the oil was by steaming. The livers were minced and 
steam passed through the mass for three hours, The mixture was allowed to settle for 24 hours 
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after which the upper layer was poured off. The value of the percentage of oil (as obtained by 
steaming) refers to the amount of oil which can be easily poured off ; the aqueous layers were not 
extracted and so a considerable amount of oil was not separated. A more exact method is to 
extract with a solvent such as petroleum ether. The method of extraction with petroleum ether 
was essentially the same as that used by Jowett and Davies (1938). However, with many livers, 
which are needed to obtain representative values, this method is extremely laborious and the 
steaming method was usually employed. With one batch of livers (No. 8, see Table 2) the two 
methods were compared. Nine large livers were halved at the junction of the lobes, one half being 
extracted with petroleum ether and the other steamed. The results obtained were 22-2 p.c. by 
steaming and 32 p.c. by extraction, giving the ratio: oil by extraction/oil by steaming = 1-44. 
This ratio is probably only approximately constant. It will depend, to a certain extent, on the 
oil content of the livers and also on the condition of the livers before mincing. Freezing and 
thawing of the livers before mincing breaks up the cell structure so that the oil is rather more 
easily extracted from them than from livers which have been minced without previous freezing. 
The ratio 1-44 has, however, been used in order to make possible a comparison of the results 
obtained by the two methods of extraction. 

With No. 7, steaming resulted in the separation of only 3-6 p.c. oil. However, it was apparent 
that the water layer contained a considerable amount of oil in emulsion. By extracting with 
petroleum ether this figure was brought up to 18 p.c., but emulsions were formed with the petroleum 
ether also and so a considerable amount of oil was not extracted. Consequently the total per- 
centage of oil in this sample has not been recorded. 

The vitamin A content was determined by the method of Carr and Price (1926), using a 
Lovibond tintometer. As fish oils contain substances which may inhibit the colour reaction and 
which are removed by saponification, estimations have been carried out on the non-saponifiable 
fraction, one gram of oil being saponified as described by Jowett and Davies (1938). Since good 
agreement has always been obtained between the Carr-Price and the spectroscopic method with 
shark liver oils, the former method only has been used in the investigation of the seasonal variation. 

Since the Carr-Price method is quite empirical it must be carried out under carefully stand- 
ardized conditions. 0-2 ¢.c. of the suitably diluted chloroform solution was taken in a 1 em. cell and 
2 ce. of a 30 p.c. (weight in volume) solution of pure antimony trichloride in choroform were 
added. The intensity of the blue colour was measured quickly as the colour usually fades after 
about fifteen seconds. Actually, fresh aliquots were mixed in succession, the colour match being 
closer each time until an accurate mateh was obtained, finally, between the blue values 4 and 6. 
Knowing the concentration of the solution and the fact that one gram of pure vitamin A in 5 c.e. 
gives 80,000 blue units (Carr and Jewell, 1933), the percentage of vitamin A could be deter- 
mined. The value 80,000 has been used in all determinations in the present work, though a very 
recent determination on vitamin A—2 naphthoate (Mead, Underhill and Coward, 1939), gave 
96,000 blue units. When the standard has been accurately determined, all figures can easily be 
converted to the new basis by the use of a factor. For this reason it is preferable to give the 
results in blue units rather than as percentage vitamin alone. 


Seasonal Variation in the Vitamin A Content of Snapper Shark Liver Oil. 


The majority of the livers were from specimens caught near Port Albert. 
The sharks are found in schools, and usually one sex predominates, e.g. in one 
catch only two out of 72 fish caught were female. The first fish carrying well- 
developed young were caught on October 15. 

In order to obtain representative values, as many livers as possible have been 
worked up at the same time. This has, on a laboratory scale, been usually slightly 
more than ten. 








fumed feed feed feed 





nas Se 


ww Wwe 


9 
10 
1] 
12 
13 


_ 


4 








VITAMINS IN FISH 


TABLE 1. 


yi ye : 
) Sd By =| = 
b = 3 © S ‘ ‘S | = + 
SE ~ w2 so. es 
¢ 3&8 . §& ee £&5 5° 
= go H# 6s 6 6BS US SHo Oe 
A Kb E 42 <F a sas ¥ 
28/8/36 Port Fairy — 16 960 30 Steaming 43-2 
23/9/37 » Phillip F. 2 414 38 Pet.-ether 38 
5/3/38 , Albert - 10 930 47 Pet.-ether 47 
10/3/38 » Fairy —_ 5 1,350 55 Steam and 55 
pet.-ether 
20/5/38 ,, Albert 16 490 24 Steam (F) 34-6 
12/7/38 as — 11 712 19-2 Steam (NF) 27-6 
12/9/38 i * M. 10 923 — Steam (N.F.) — 
and pet.-ether 
- -. e 9 § 22-2 Steam(NF) 32-0 
18/10/88 5 F. > im 132-0 Pet.-ether 32-0 
9/11/38 es a M.&F. 13 1,000 27 Steam (F) 38-9 
19/12/38 * a M. 12 1,038 33 Steam (F) 47-5 
ae. -« M. 12 1,019 39-8 Steam(F) 57-3 
12/4/39 Kent Group F, 83 2,500 56-5 Steam (F) 81-4 
5/5/3S Port Albert M.&F. {6 1,158 20-3 Steam (F) 29-2 
13 355 12 Steam (F) 17-3 
10/7/39 * » M.&F. 23 508 27-6 Steam (F) 39-8 


+ 


Result by steaming X 1°44 (see p. 458) ; * 


freezing ; N F—without previous freezing. 


“~~ 


















_ 
bo Gr Ol DS Or > 


we | tote P.c, non-sap. 
: Ww or 
ou * 


No} 


“oro 
fo bo 


Core Awe oO 


6 
ins Vit. A Content 
12 60 
P 
1-0 /|50 3 
Al 2 
S g 
¢ 8 46 
< . 
g 3 
$6 % 3x05 
= Oil Content 8 
N at , 
d -- Woo 
2 10 
0 fe) 
van.1 March! Mayle uly! — Sept Nov / Jan. ! 
Summer Autumn Winter Spring 


Fig. 1. Seasonal variation in the contents of oil in the liver and of vitamin A in the liver oil 


of the snapper shark (Galeorhinus australis). 


. non-sap. 


(20 p.e. soln.). 


B.U 


4,920 
22,600 


5,100 
11,300 
13,300 


15,200 
8,500 
12,400 
9,500 
4,590 
6,150 
22,900 
395 
3,640 


584 
968 


753 
736 
640 
336 
565 
98 
1,170 
29 


105 


vitamin A 


heOooe P.. 


- OS 


ocoroocooco 





—‘*‘sterol-free’’ non-sap; ‘—containing young; F—previous 





460 M. M. CUNNINGHAM anp E. C. SLATER 


All the results obtained are shown in Table 1. The graph has been obtained 
by considering the livers from one locality only (the vicinity of Port Albert) and 
those derived from adult fish only. These livers weighed slightly over two pounds 
(923 to 1,158 gm.). The sex of the shark has not always been noted, but there is 
no clear evidence of a relation between sex or reproductory cycle and the vitamin A 
content. The graph shows that the percentage of vitamin A in the oil is high from 
the beginning of March to the middle of October, and is probably greatest in the 
four winter months, May to August inclusive. It has been impossible to obtain the 
peak of the curve definitely, because it is difficult to obtain mature snapper sharks 
at Port Albert during this period. It is at any rate clear that in late autumn to 
early spring the Port Albert mature fish possess potent liver oils. The percentage 
of oil in the liver is largely the reverse of this, i.e. the livers are far more oily in 
the warm than in the cold season. The net result is that vitamin A in a definite 
weight of liver tends to be roughly constant throughout the season. 


Embryo Snapper Shark. 


Determinations were also made on the livers of some embryo sharks, taken 
from one of the specimens in No. 8. 
Results: 

24 Livers. Average weight 6-4 gm. P.c. Oil (petroleum ether) 48. P.c. non-sap 13-7. 

P.c. vitamin A in non-sap. 0°05 

P.c. vitamin A in oil 0-007 
The yolk from these embryo sharks was also investigated. This yolk was a pale 
yellow liquid, which, however, soon darkened on standing in air. It was found to 
contain 37:5 p.c. of water (Dean-Stark method using toluene) and 1-19 p.e. non- 
saponifiable matter (or 1-90 p.c. calculated on a dry basis). Only a very minute 
trace of vitamin A was present in this non-saponifiable fraction. 

These figures support Drummond and Hilditch’s observations on the cod and 
Shorland’s on the ling that spawning is not a strain on the vitamin content of the 
fish. The above embryos were indeed taken from one member of a batch of adult 
females whose liver oil was quite rich in vitamin A (viz. 0-93 p.ec.). The difference 
in vitamin A content of the liver oils of mother and embryo is shown even better 
by some determinations previously made by Mr. D. J. Field in this University. 
In the latter case the liver of the parent female shark was studied separately. 


Average weight (gm.). P.c. Oil. P.c. vitamin A in Oil. 
Parent (1 Liver) 717 24 0-93 
Embryo (24 Livers) 5-8 45 0-004 


Apparently the shark when born obtains all its vitamin A by feeding, but the 
high oil figure of the embryo shows that there are extensive food reserves. 








la 
b 





la 
b 


ba 


b 








VITAMINS IN FISH LIVER OILS 


The Vitamin A Contents of the Liver Oils of Some Miscellaneous Fish. 


These are tabulated in Table 2. With the exception of the skate, which was 
caught near Port Albert, and the gummy sharks, these fish were caught by the 
C.S.1L.R. Research Ship, ‘‘Warreen’’. The livers, except those from the gummy 
shark, gave dark red-brown oils, semi-solid at room temperatures by extraction 
with petroleum ether. The vitamin A content of the oils was determined by the 
Carr-Price method. 

The gummy shark is included, since a vitamin D assay was carried out on the liver oil 
of this fish. The figures given are an extension of those published by Jowett and Davies (1938). 
It is seen from the table that of fifteen gummy shark livers, thirteen averaged about one pound 
and had an oil content of 30 to 40 p.c. Of the other two the very small liver (59 gm.) was appar- 
ently diseased as it was black instead of the usual pale colour and yielded a black oil, while the 
remaining liver was small and had an oil content of 24 p.c. 


TABLE 2. 


gi en - ae a 
see 8 § 83 OF 
Species. Locality of Capture. Date. e Ses pe : om =) 
2 <b 2 om we wc 
sonito (Sarda australis) — May, 1938 4 95 16-2 5-0 320 16 
” ” ” a ” ” ? 70 —_— 5-9 1,700 96 
(about) 
- = Between Port Sept., 1938 6 24 11-3 6-3 4,500 296 
Stevens (N.S.W.) 
and the 
Capricorn Is. (Q.) 
Small Tunny (£uthynnus RS - ~ © 48 6-3 10-9 3,300 360 
alletteratus) 
Albacore (Germe germo) Eastern Bass St. 16/10/38 4 83 6-9 6-6 560 40 
Islands 
Bluefin Tuna (Thunnus Jervis Bay 2/11/38 4 57 1-7 13-5 1,400 200 
maccoyir) 
Skate (Raja nasuta) Port Albert 8/8/38 4 900 8-3 5-0 240 16 
Gummy Shark (Mustelus —— 15/12/36 1 262 24 1-0* -— 
antarcticus) 
” Pe - 9» ] 59 3-4 — —_— 50 
- - _— 9/5/38 9 428 30 2-5 800 20 
t —_ Re 41,000 40 1-8 267 5 


eee ? 


sterol-free’’ non-sap. 

The percentage of the non-saponifiable fraction varied from 1-8 to 2-5 p.c. and shows that 
the oil is almost entirely a true fat. The oil is very poor in vitamin A, 

With the small tunny it was noticed that the blue colour with the Carr-Price reagent faded 
particularly quickly. When checked by the spectroscopic method, a much higher result was 
obtained, viz. 0-94 p.c. compared with 0-45 p.c. Bills et al. (1937) have obtained very high 
values for the liver oils of species of tuna caught off the west coast of U.S.A., up to 4-69 p.c. of 
vitamin A. These authors used the spectroscopic method. 


coo P.c vitamin A 
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The results for the bluefin tuna are similar to those of Davies and Field and 
Jowett and Davies. The other fish in Table 2 have not previously been examined 
(from Australian waters), but they compare very unfavourably with the snapper 
shark as a source of vitamin A. The percentage of oil in the livers was low, the 
highest being 16-2 and the majority below 10 p.c., while in the bluefin tuna it was 
only 1-7 p.c. The vitamin content was also very low, the highest being in the 
small tunny (0-45 p.c.) and the ‘‘September’’ bonito (0-37 p.e.). The oils of the 
skate and the albacore contained very small amounts of the vitamin. The low 
value for the skate is in agreement with that obtained by Bills et al (1937) and 
also by Shorland (private communication). However, all the fish investigated 
(with the exception of the skate) were rather small. The livers all weighed less 
than 100 gm. or about one-tenth the weight of the snapper shark livers. 


The Vitamin D Content of Snapper Shark and Gummy Shark Liver Oils. 


The most used medicinal liver oils contain both vitamins A and D, and a 
search has been made for such protective oils of local origin. 

Vitamin D was determined by the method of biological curative assay (Hume, 
Pickersgill and Gaffikin (1932). The rats used in the test were standard albinos 
from the Glaxo strain of Wistar rat, and the results are given in Table 3. 


TABLE 3. 


Biological Assay of Vitamin D. 


Percentage Ash in Dried Fat-extracted Bone. 


Positive Positive 
controls controls 
Average Negative receiving receiving Test group 
number controls -1 inter- -2 inter- receiving Vitamin D in 
of rats receiving no national national undiluted international 
Oil Assayed. per group. vitamin D. unit D daily. unit D daily. oil. units per gm. 
Snapper shark 10 26-3 34-2 38-4 37-6 approx, 2 
(Galeorhinus 
australis) 
Gummy shark 10 27°9 32°8 40-1 31-0 approx. 1 
(Mustelus 
antarcticus) 


The assay of a thoroughly representative snapper shark liver oil showed the 
low value of two international units per gm., and it is clear that snapper shark 
liver oil is only a substitute for that of the cod or halibut as far as the vitamin A is 
concerned. 

Of the fish examined in Melbourne in the last three years the gummy shark 
(Mustelus antarcticus) is, after the snapper shark, the most likely source of an 
assimilable liver oil obtainable in quantity. As seen from the table the gummy 
shark liver oil contains an almost negligible quantity of vitamin A; but it was 
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thought desirable to carry out a vitamin D assay, since, had this result been high, 
suitable admixture of snapper and gummy shark liver oils would have provided 
an oil rich in both vitamins. However. an assay on a representative mixture of 
gummy shark liver oils gave the low value of one international unit per gram. 


DISCUSSION. 

Seasonal variations in the vitamin A content of the liver oil may be due either 
to changes in the vitamin A content of the diet of the fish or to changes in the oil 
content of the liver, with little or no change in the total amount of vitamin A stored 
in the liver. In the case of the snapper shark, it is significant that the maximum of 
the content of this vitamin in the winter corresponds to a pronounced minimum in 
the oil content. This indicates that the variation is due to alteration in the oil 
content and not to a large change in the total amount of vitamin A stored in the 
liver. 

Variation in the oil content of the liver may be due either to variations in the 
food supply—as is the case with the groper, Polyprion Oxygencios (Shorland, 
1937) or to spawning, which is the case with the cod (Drummond and Hilditch, 
1930). More data are required to determine the cause of the variation in the oil 
content of the snapper shark liver. 

The snapper shark resembles the halibut (Lovern, Edisbury and Morton, 
1933) and other fish which show a seasonal variation in the vitamin A content of 
the liver oil, in the effect of the size of the liver on the vitamin A potency. Livers 
weighing about 500 gm. or less, which were taken from fish about one-half to three- 
quarters grown, consistently gave low vitamin values, viz. 0-03 to 0-32 p.c. The 
effect of size is particularly well shown by No. 13 in Table 1. These livers were 
from fish caught at the same time and place, the six large and the three small being 
steamed separately, the former giving a percentage of vitamin A in the liver oil 
of 1-46 and the latter 0-03. The very large livers (No. 12) are abnormal in this 
respect as they gave a very low figure for the vitamin A content of the oil. These 
livers, which were from exceptionally large female sharks caught in the Kent 
Group, also gave an abnormally high yield of oil. 

Shorland (1938) has shown that the ling exhibits no seasonal variation, and 
in this ease the largest livers do not yield a more potent oil than the smaller livers. 

To obtain a standard source of vitamin A (of, say 0-5 p.e.) little adjustment 
would be needed with snapper shark oil obtained in the summer, and the winter oil 
could be diluted with an oil less concentrated in vitamin A, such as that from 
gummy sharks. 

The results of our researches indicate that there is no readily obtainable sub- 
stitute from Victorian waters for halibut and cod liver oil, both of which have ade- 
quate amounts of vitamin A and D. Perhaps the most useful ‘‘ protective’’ liver 
oil from fish in Australian waters is that of the groper, which, according to Cun- 
ningham (1935), is rich in both factors. 





M. M. CUNNINGHAM anp E. C. SLATER 


SUMMARY. 


A study has been made of the seasonal variation in the percentage of oil in 
the snapper shark liver and the percentage of vitamin A in the oil. It has been 
found that the vitamin A content of the oil is highest in the winter, and this cor- 
responds to a minimum in the oil content of the liver. 

The vitamin A contents of the liver oil and the yolk from some embryo snap- 
per sharks has also been determined. The results support the observations of 
previous workers that breeding is not a strain on the vitamin A reserves of the 
parent. 

The livers of four species of tuna and the skate have also been investigated. 
None is as good a source of vitamin A as the snapper shark. 

Determinations of the vitamin D content of the gummy and snapper shark 


liver oils gave the very low results of 1 and 2 international units per gm. re- 


spectively. 
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